J Gastric Cancer. 2019 Sep;19(3):235-253
https://doi.org/10.5230/jgc.2019.19.25
pISSN 2093-582X-eISSN 2093-5641

°
Journal

, ‘ of
Gastric

Cancer

Review Article

‘ ") Check for updates ‘

Clinical Implementation of Precision
Medicine in Gastric Cancer

Jaewook Jeon 2,3,4,5,6

',Jae-Ho Cheong
'Yonsei University College of Medicine, Seoul, Korea

’Department of Surgery, Yonsei University College of Medicine, Seoul, Korea

3Yonsei Biomedical Research Institute, Yonsei University College of Medicine, Seoul, Korea

“Brain Korea 21 PLUS Project for Medical Science, Yonsei University College of Medicine, Seoul, Korea
*Department of Biochemistry & Molecular Biology, Yonsei University College of Medicine, Seoul, Korea
SDepartment of Biomedical Systems Informatics, Yonsei University College of Medicine, Seoul, Korea

Received: May 13, 2019
Accepted: Jul 28, 2019

Correspondence to

Jae-Ho Cheong

Department of Surgery, Yonsei University
College of Medicine, 50 Yonsei-ro,
Seodaemun-gu, Seoul 03722, Korea.
E-mail: JHCHEONG@yuhs.ac

Copyright © 2019. Korean Gastric Cancer
Association

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted noncommercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Jaewook Jeon
https://orcid.org/0000-0002-3757-314X
Jae-Ho Cheong
https://orcid.org/0000-0002-1703-1781

Funding

This research was supported by a grant
from the Korean Health Technology R&D
Project through the Korea Health Industry
Development Institute (KHIDI) funded by
the Ministry of Health and Welfare, Republic
of Korea (HI13C2162), and by the National
Research Fund, Republic of Korea (NRF-
2017R1A2B2016286).

Author Contributions

Conceptualization: J.J., C.J.H.; Methodology:
J.J., C.J.H.; Project administration: J.J., C.J.H.;
Writing - original draft: J.J., C.J.H.; Writing -
review & editing: J.J., C.J.H.

https://jgc-online.org

ABSTRACT

Gastric cancer (GC) is one of the deadliest malignancies in the world. Currently, clinical
treatment decisions are mostly made based on the extent of the tumor and its anatomy,

such as tumor-node-metastasis staging. Recent advances in genome-wide molecular
technology have enabled delineation of the molecular characteristics of GC. Based on this,
efforts have been made to classify GC into molecular subtypes with distinct prognosis and
therapeutic response. Simplified algorithms based on protein and RNA expressions have
been proposed to reproduce the GC classification in the clinical field. Furthermore, a recent
study established a single patient classifier (SPC) predicting the prognosis and chemotherapy
response of resectable GC patients based on a 4-gene real-time polymerase chain reaction
assay. GC patient stratification according to SPC will enable personalized therapeutic
strategies in adjuvant settings. At the same time, patient-derived xenografts and patient-
derived organoids are now emerging as novel preclinical models for the treatment of GC.
These models recapitulate the complex features of the primary tumor, which is expected to
facilitate both drug development and clinical therapeutic decision making. An integrated
approach applying molecular patient stratification and patient-derived models in the clinical
realm is considered a turning point in precision medicine in GC.

Keywords: Stomach neoplasm; Precision medicine; Tumor biomarkers;
Adjuvant chemotherapy; Molecular targeted therapy

INTRODUCTION

Gastric cancer (GC) is one of the most common malignancies as well as the leading cause of
cancer mortality worldwide, with more than 1,000,000 new cases (5th) and 783,000 deaths
(3rd) reported in 2018 [1]. Korea has the highest incidence rate, with 25,800 new cases and
7,100 deaths expected in 2018 [2]; since a nation-wide screening program began in 1999, the
number of early (E)GC cases has increased [3,4]. EGC treatment involves minimally invasive
surgery including laparoscopic and robotic surgery, and endoscopic resection. The prognosis
after surgery without additional treatment is excellent, with a 5-year overall survival (OS)

rate over 90% [5-11]. However, a significant number of patients are diagnosed at an advanced
stage, which is associated with poor outcome. Over 50% of patients with locally advanced
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GC experience tumor recurrence in their lifetime, even after radical surgery and adjuvant
chemotherapy [12].

GC is a heterogeneous disease with various treatment outcomes. Patients with locally
advanced GC receive postoperative chemotherapy after curative surgery in order to eliminate
any chances of micrometastasis [13,14]. However, this benefits only a limited number of
patients, whereas others are overtreated or inappropriately treated. For example, in the
CLASSIC trial [15], over 50% of patients who did not undergo adjuvant chemotherapy did
not exhibit relapse and around 70% were still alive after 5 years. On the other hand, around
30% of patients had relapsed at 5 years and 20% had passed away even after cytotoxic
chemotherapy. This data suggests that patient stratification based on the biological
characteristics of the tumor, beyond the anatomical extent of the tumor (tumor-node-
metastasis [TNM] staging), is needed.

GC is classified according to histomorphologic features. The Lauren classification
categorizes GC into intestinal, diffuse, and mixed types, while the World Health
Organization divides GC into papillary, tubular, mucinous, and poorly cohesive carcinomas
[16,17]. Despite its versatility and wide application in the clinic, a histomorphologic
classification system, unfortunately, has limited utility in GC owing to its weak association
with clinical parameters such as prognosis or responsiveness to chemotherapy.

Motivated by the lack of clinically relevant classification systems, the latest research on

GC has focused on elucidating the molecular landscape including the genetics of this
disease. Recent technological advances have enabled detailed investigation of the molecular
characteristics of GC. Several GC classifications have been proposed based on the correlation
between molecular profiles and clinical behavior [18-22]. In addition, simplified patient
classifiers have been suggested that can potentially help in determining the treatment
approach, and novel preclinical models that recapitulate cancer in situ such as tumor
organoids and patient-derived xenografts (PDXs) can bridge the gap between cancer genetics
and tumor phenotype. This review discusses the molecular classifications of GC, simplified
algorithms based on these classifications, and patient-derived models that can provide the
next level of knowledge for implementing precision clinical care strategies for GC.

MOLECULAR CLASSIFICATION OF GC

The Cancer Genome Atlas (TCGA)

The TCGA Research Network Group [19] classifies GC into 4 molecular subtypes: Epstein-Barr
virus (EBV), microsatellite instability (MSI), chromosomal instability (CIN), and genomically
stable (GS). An analysis of 295 GC tissue samples using 6 molecular platforms,—i.e., array-
based somatic copy number analysis, whole-exome sequencing, array-based DNA methylation
profiling, messenger RNA (mRNA) sequencing, microRNA sequencing, and reverse phase
protein array— revealed that EBV-associated GC accounted for 9% of the samples and had
the highest rate of DNA hypermethylation. All EBV GC cases presented CDKN2A promoter
hypermethylation and showed a clear difference from the MLHI hypermethylation pattern.
EBV subtype was strongly associated with mutations in PIK3CA (80%), ARIDIA (55%), and

B cell lymphoma 6 co-repressor (23%). Furthermore, EBV GC shows PD-L1/2 and JAK2
amplification and upregulation of immune cell signaling pathways. The EBV type is mainly
observed in males and is typically located in the gastric fundus and body.
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MSI tumors account for 22% of the total analyzed cases and exhibit hypermethylation of
promoters, such as the MLHI promoter, as well as high rates of mutation in PIK3CA (42%),
KRAS/NRAS (25%), JAK2 (11%), human ERBB3 (14%), ERBB2 (5%), and EGFR (5%). Alterations
in B2M and human leukocyte antigen-B that are 2 major histocompatibility complex class I
genes, are commonly found in MSI GC, which is also associated with older age at diagnosis
and female sex.

CIN occurs in 50% of all the GC cases. The CIN subtype is correlated with intestinal-type
histology and aneuploidy and shows aberrant activation of receptor tyrosine kinase (RTK)/
RAS signaling pathways, focal RTK amplification, and the highest frequency of TP53
mutation (71%) as well as alterations in other canonical tumor suppressor genes such as
SMAD 4 and APC. CIN tumors are frequently located at the gastroesophageal junction and
gastric cardia.

The GS subtype constitutes 20% of GCs and exhibits diffuse histology. Mutations in

CDH]1 (37%) and RhoA (15%) and CLDN18/ GAP gene fusion (15%) are often detected in GS
tumors, which also show upregulation of cell adhesion and angiogenesis-related pathways.
Additionally, patients with the GS subtype are generally younger at the time of diagnosis.

TCGA has proposed a comprehensive set of molecular characteristics that define GC.
Nevertheless, it failed to establish prognostic differences between each subtype. The TCGA
cohort includes samples treated by different strategies, with only 47.7% of samples analyzed
due to poor sample quality. Therefore, the clinical significance of TCGA subtypes had
remained unclear. However, the clinical relevance of the TCGA subtypes was reconsidered in
a recent study investigating the associations among survival, the benefits of chemotherapy,
and TCGA subtypes in 2 independent cohorts [23]. The EBV and GS subtypes showed the
best and worst prognoses, respectively, while the patients with the CIN and GS subtypes
benefitted the most and least from adjuvant chemotherapy, respectively. Moreover, TCGA risk
score based on subtype probability was found to be an independent prognostic factor in a
multivariate analysis and showed a linear correlation with 5-year recurrence rate.

Asian Cancer Research Group (ACRG)

Based on an analysis of mRNA expression level, somatic copy number, and targeted gene
sequencing in 300 tumors, the ACRG proposed the following 4 GC molecular subtypes: MSI
(22.7%), microsatellite stable with epithelial-to-mesenchymal transition features (MSS/EMT,
15.3%), MSS with tumor suppressor p53 (TP53) activity (MSS/TP53, 26.3%), and MSS with
TP53 functional loss (MSS/TP53~, 35.7%) [20].

MSI exhibited hypermutation, with mutations in KRAS, ALK, ARIDIA, and PI3K pathway
genes. The MSS/EMT subtype was characterized by loss of CDHI expression and had the
lowest number of mutation events among the 4 subtypes. MSS/TP53+ GC is often associated
with EBV infection and is enriched in mutations in APC, ARIDIA, KRAS, PIK3CA, and SMAD4
compared to the MSS/TP53~ subtype. On the other hand, the latter has the highest frequency
of TP53 mutation (60%) and focal amplification of HER2, EGFR, cyclin E1 (CCNE1), CCNDI,
MDM2, Robo2, GATAG, and MYC.

ACRG also characterized the clinical behavior of each GC subtype. MSI showed the best

prognosis and lowest rate of recurrence, which was mainly hepatic. MSS/TP53+ had the next
best prognosis, followed by MSS/TP53-. The MSS/EMT subtype had the worst prognosis and
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highest rate of recurrence, which was mostly peritoneal. MSI tumors predominantly occur

in the antrum; over 60% of cases are of the Lauren intestinal type and are usually diagnosed
at early stages (I-1I). On the other hand, MSS/EMT GC exhibits diffuse histology and a large
subset is signet ring cell carcinomas; this subtype is diagnosed at the advanced stages (III-1V)
and at a younger age.

Singapore-Duke classification

The Singapore—Duke study analyzed the gene expression patterns in 248 gastric tumors
and identified 3 subtypes (proliferative, metabolic, and mesenchymal) [21]. Proliferative
GCs were characterized by elevated expression of cell cycle-related genes and frequent
TP53 mutation, copy number amplification, DNA hypomethylation, and a Lauren intestinal
type. Oncogenic pathways such as E2F, MYC, and RAS signaling were upregulated in this
subtype. Metabolic GCs showed upregulation of metabolic and digestion-related genes
that are expressed in normal gastric mucosa. This subtype also showed hyperactivation of
the spasmolytic-polypeptide-expressing metaplasia pathway, which is related to gastric
metaplasia. The mesenchymal subtype was characterized by increased expression of genes
related to the cell adhesion, extracellular matrix (ECM)-receptor interaction, and focal
adhesion and activation of EMT and cancer stem cell pathways. The mesenchymal subtype
was associated with a Lauren diffuse type and low copy number as well as alterations in p53,
transforming growth factor B, vascular endothelial growth factor (VEGF), nuclear factor
light chain enhancer of activated B cells (NF-kB), mechanistic target of rapamycin (mTOR),
and sonic hedgehog (Shh) signaling pathways.

The Singapore-Duke study also compared drug responses among GC subtypes. Cell lines

of the metabolic subtype were more sensitive to 5-fluorouracil (5-FU) than the others, and
patients with metabolic GC showed greater responsiveness to 5-FU chemotherapy. Metabolic
GC showed lower expression of thymidylate synthase and dihydropyrimidine dehydrogenase
proteins, which are related to 5-FU resistance and this might be a possible explanation for
the higher 5-FU sensitivity. On the other hand, cell lines of the mesenchymal subtype were
particularly sensitive to PIBK/AKT/mTOR inhibitors, consistent with the high activation of
the mTOR pathway.

Despite the differences in genomic alteration and drug response, the 3 subtypes showed no
significant differences in cancer-specific and disease-free survival. Only proliferative GC
patients showed shorter disease-free survival in the multivariate Cox proportional hazard
regression analysis, although a correlation between higher TNM stage and worse prognosis
was noted.

SIMPLIFIED ALGORITHMS WITH CLINICAL
APPLICABILITY

Newly introduced molecular classifications of GC have provided insight into the heterogeneous
nature of GC (Table 1). Each subtype is characterized by specific gene mutations and alterations
in the signaling pathways as well as prognosis and response to chemotherapy. Nonetheless,
these classifications have limited clinical applicability because they require complex molecular
analyses that are not feasible in clinical practice. Therefore, simplified classifying algorithms
based on clinically available diagnostic tools have been proposed.
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Table 1. Molecular classification of gastric cancer

Classification

TCGA

EBV
- DNA hypermethylation (CDKN2A)

+ PIK3CA mutation

- PD-L1/2 amplification

- Immune signaling pathway activation
- Male

- Gastric fundus and body

ACRG

MSI
- Lauren intestinal type

« Gastric antrum

+ Hypermutation

- Good prognosis

- Hepatic recurrence
- Earlier stage

Singapore-Duke

Proliferative
- Upregulated cell cycle-related genes

- DNA hypomethylation

- Copy number amplification
- TP53 mutation

- Lauren intestinal type

MSI
- DNA hypermethylation (MLHT)

- Elevated mutation rate

- MHC | related gene mutation
- Older age

- Female

MSS/TP53+
- EBV infection

- APC, ARID1A, KRAS, PIK3CA, and
SMAD4 mutation

- Intermediate prognosis

Metabolic

- High metabolic, digestion-related
genes

- Normal gastric mucosa
characteristics

- Spasmolytic polypeptide-expressing
metaplasia pathway activation

- Sensitive to 5-FU

GS

- Lauren diffuse type

- CDHT mutation

+ RHOA mutation

- CLDN18/ARHGAP gene fusion

- Cell adhesion and angiogenesis
pathway activation

CIN
- Lauren intestinal type

+ RTK/RAS signaling pathway
activation

- RTK amplification
« TP53 mutation
- Gastroesophageal junction and

cardia - Younger age

MSS/TP53—
- TP53 mutation

- Focal amplification RTK

MSS/EMT

- Lauren diffuse type

- Signet ring cell carcinoma
- Intermediate prognosis - CDHT1 loss of expression
- Less mutation

- Bad prognosis

- Peritoneal recurrence

- Later stage

- Younger age

Mesenchymal

- High cell adhesion, extracellular
matrix receptor interaction focal
adhesion-related genes

- Elevated p53, TGF-f3, VEGF, NF-kB,
mTOR, sonic hedgehog pathway

- Activation of EMT pathway and
cancer stem cell features

- Lauren diffuse type

- Sensitive to PI3K-AKT-mTOR
inhibitors

TCGA = The Cancer Genome Atlas; EBV = Epstein-Barr virus; MSI = microsatellite instability; CIN = chromosomal instability; GS = genomically stable;

PD-L1 = programmed death-ligand 1; MHC = major histocompatibility complex; RTK = receptor tyrosine kinase; ACRG = Asian Cancer Research Group; MSS =
microsatellite stable; EMT = epithelial-mesenchymal transition; TGF = transforming growth factor; 5-FU = 5-fluorouracil; VEGF = vascular endothelial growth
factor; NF-kB = nuclear factor k light chain enhancer of activated B; mTOR = mechanistic target of rapamycin; TP53 = tumor suppressor p53.

https://jgc-online.org

Immunohistochemistry (IHC) and in situ hybridization (ISH)

The molecular spectrum of GC can be analyzed by tissue microarray analysis of protein and
mRNA expression, allowing categorization of GC into subtypes with distinct characteristics
(Table 2). A study of 438 GC patients treated with palliative chemotherapy using 10 GC
panels, which included Epstein—Barr encoding region ISH, IHC for mismatch repair proteins,
RTKs, phosphatase and tensin homolog (PTEN), and p53, revealed a relationship between
protein/mRNA expression levels and the specific clinical characteristics of EBV-positive GC
[24]. In an analysis of 244 gastric adenocarcinomas according to EBV positivity, MSI, TP53
and E-cadherin mutation, and Lauren classification revealed an association between IHC/ISH
classification and clinicopathologic characteristics such as sex, tumor location, and OS [25].

A number of studies have proposed a GC classification algorithm based on the IHC and
ISH results. Five subgroups of GC were defined using an algorithm integrating EBV
positivity, MSI, and aberrant E-cadherin and p53 expression determined by IHC and ISH
in American and Asian cohorts, respectively [26,27]. These subgroups exhibited different

clinicopathologic features including prognosis that were in accordance with a previously
reported molecular classification. In a European cohort, 4 GC types were defined based on
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Table 2. GC classification algorithm based on immunohistochemistry and in-situ hybridization

Sample size Markers Findings References

438 GC patients EBER, MLH1, PMS2, MSH2, MSH6, HER2, EGFR, Relationship between protein/RNA expression levels and unique  Kim et al. [24]

MET, PTEN, TP53

clinical characteristics

244 GC patients EBER, MLH1, MSH2, MSH6, PMS2, TP53, Association of molecular markers and clinicopathological Birkman et al. [25]
E-cadherin, EGFR, HER2, Lauren classification characteristics including sex, tumor location, and overall survival

146 GC patients EBER, MLH1, PMS2, MSH2, MSH®6, TP53, Clinicopathologic features including significant differences in Setia et al. [26]
E-cadherin prognosis corresponding to earlier molecular classification

349 GC patients EBER, MLH1, E-cadherin, TP53, HER2 Clinicopathologic features including significant differences in Ahn et al. [27]

prognosis corresponding to earlier molecular classification

206 GC patients MLH1, PMS2, MSH2, MSH®6, TP53, E-cadherin,  Subtypes associated with survival, recurrence rate, and other Diaz Del Arco et al. [28]

104 GC patients ERER, MLH1, TP53

clinical characteristics corresponding to TCGA classification
Subtypes associated with survival and HER2 overexpression Gonzalez et al. [29]
comparable to TCGA classification

993 GC patients EBER, TP53, EGFR, HER2, MET, Lauren Survival predicting histo-molecular classification and screening  Park et al. [30]

classification

protocol for RTK amplified GCs

GC = gastric cancer; EBER = Epstein-Barr encoding region; MLH1 = mutL homolog 1; TP53 = tumor suppressor p53; PMS2 = PMS1 homolog 2; MET =mesenchymal
epithelial transtion; PTEN = phosphatase and tensin homologue deleted on chromosome 10; HER2 = human epidermal growth factor receptor 2; EGFR =
epidermal growth factor receptor; TCGA = The Cancer Genomic Atlas; RTK = receptor tyrosine kinase; MSH = mutS homologue.

https://jgc-online.org

microsatellite stability and E-cadherin and p53 expression that showed differences in the
survival, recurrence rate, and other clinical characteristics such as macroscopic morphology
and Lauren classification [28]. Another study divided GC into 4 subgroups corresponding to
TCGA classification based on EBV, MSI status, and p53 expression that differed in terms of
survival probability and human epidermal growth factor receptor 2 (HER2) positivity [29]. A
histo-molecular classification predicting patient survival based on Lauren classification, IHC,
and silver-enhanced ISH has been established. These investigators also suggested a screening
protocol for RTK-amplified GC, which has unique clinicopathologic features [30].

Single-patient classifier (SPC) based on 4-gene real-time polymerase chain
reaction (RT-PCR)

An SPC predicting prognosis and response to adjuvant chemotherapy in patients with stage
II-1II resectable GC was developed [22]. The classifier is based on RT-PCR detection of the
expression levels of 4 genes in formalin-fixed paraffin-embedded tumor tissue (FFPET).

The 4 classifying genes—namely, GZMB, WARS, SFRP4, and CDXI—were identified from a
transcriptome dataset consisting 0of 1,259 GC tumor specimens that were previously used in
part to establish a molecular classification for GC. Unlike other molecular subtyping criteria
for GC that are population-directed and heavily dependent on the composition of the dataset,
and therefore not directly applicable to individual patients, the investigators first identified

5 molecularly distinct subclasses of GC with different clinical outcomes and selected 3
clinically actionable subtypes with specific gene modules (Table 3). They then evaluated the
subtype-specific genes in various tissue types (fresh tissue vs. FFPET) using different assays
(array or RNA sequencing vs. quantitative RT-PCR) to identify clinically useful biomarkers
that can assign individual patients to a certain subtype. The patient classifier consists of a

2 rule-based, 2-tier classifying algorithm first characterizing the immune subtype and then
the stem-like subtype for risk stratification, or the epithelial subtype for patient stratification
based on the chemotherapy response. This approach was evaluated in a cohort of 307
patients and validated using an independent cohort consisting of patients (n=625) from the
CLASSIC trial.

The prognosticSPC divided patients into low-risk (immune), intermediate-risk (non-

immune, non-stem-like), and high-risk (stem-like) groups, with 5-year OS rates of 83.2%,
74.8%, and 66%, respectively. The predictive SPC identified patients who will (epithelial

https://doi.org/10.5230/jgc.2019.19.25 240


https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

Table 3. GC classification by single patient classifier

Subtypes Classifier genes Biological characteristics Clinicopathological Clinical significance
characteristics
Immune GZMB Immune/inflammatory - EBV GC predominant - Favorable prognosis
WARS gene signature - Intestinal type - Unresponsive to CTx
- Older age
Epithelial CDX1 Proliferative gene « EBV negative GC - Responsive to CTx
signature - MSS/MSI-L
- Younger age
Stem-like SFRP4 Stem-ness/stromal gene - TCGA GS predominant - Unfavorable prognosis
signature - Diffuse type

- Younger age

EBV = Epstein-Barr virus; GC = gastric cancer; CTx = chemotherapy; MSS = microsatellite stable; MSI-L =
microsatellite instability-low; TCGA = The Cancer Genome Atlas; GS = genomically stable.

type) from those who will not (immune or non-immune/non-epithelial type) benefit from
chemotherapy. The former was responsive to adjuvant chemotherapy; the 5-year OS of these
patients who underwent postoperative chemotherapy was higher than that of patients who
had undergone only surgery (80%; 95% confidence interval [CI], 73.5-87.1 vs. 64.5%; 95%
CI, 56.8-73.3). Whereas, no difference was observed between the treatment strategies in
the latter. A subsequent study confirmed that the prognostic value of modified TNM staging
based on the SPC was superior to that of conventional TNM staging [31].

Cheong et al. recommended applying their SPC for the stratification of the patients with
localized resectable GC after surgery in order to facilitate the therapeutic decision-making
[22]. Immune subtype patients may not need adjuvant chemotherapy after surgery as they
generally have favorable prognosis, and additional chemotherapy does not improve their OS.
On the other hand, it is recommended that the epithelial subtype patients undergo adjuvant
chemotherapy after surgery, which seems to improve the survival in this group. These authors
also highlighted the need for novel treatment options for the stem-like subtype, which has the
worst prognosis and overlaps significantly with the chemotherapy no-benefit group [22].

Clinical implications of GC subtypes by SPC and relationship with other
molecular subtyping schemes

The immune subtype in the SPC comprises of MSI and EBV, and largely overlaps with these
TCGA subclasses as well as with the ACRG MSI subtype and with a part of MSS/TP53 subtype.
The stem-like subtype largely overlaps with TCGA GS, ACRG MSS/EMT, and the Singapore—
Duke mesenchymal subtypes, and has the poorest prognosis. The epithelial subtype overlaps
with TCGA CIN, ACRG MSS/TP53-, and the Singapore—Duke metabolic subtypes. Notably, of
the 3 representative molecular GC subtyping schemes preceding the SPC, only the Singapore—
Duke study addressed the relationship between molecular subtype and response to standard
chemotherapy. Only the metabolic subtype showed a correlation with 5-FU chemotherapy
response. Given that the proliferative subtype shares molecular characteristics with TCGA CIN
and that the latter benefits from chemotherapy, the findings of the Singapore—Duke group cannot
be readily explained. The metabolic subtype also expresses mucin SAC, which is a gastric protein
that is also detected in some forms of intestinal metaplasia [22]. Intriguingly, the epithelial
subtype described by Cheong et al., [22] which is the only molecular subtype whose predictive
value has been demonstrated in randomized controlled CLASSIC trial samples, is characterized by
high expression of CDXI, a marker for intestinal metaplasia. Although this unexpected association
between the Singapore—Duke metabolic and SPC epithelial subtypes based on intestinal
metaplasia warrants further investigation, it seems plausible that the biological properties related
to intestinal metaplasia can enhance responsiveness to 5-FU-based standard chemotherapy in GC.
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PRECLINICAL MODELS IN GC

The paucity of useful preclinical models has impeded the development of targeted anti-
cancer drugs [32,33]. Cancer cell lines and cell line-derived xenograft mouse models have
been used for preclinical studies in cancer research. However, these approaches cannot
reproduce the biological complexity of cancer such as the tumor microenvironment and
cancer cell heterogeneity. Moreover, most established cell lines are susceptible to genetic
alterations owing to prolonged in vitro culture [34,35]. Therefore, there is a need for novel
preclinical models for GC [36-38].

PDXs

PDXs are promising platforms for translational cancer research [32,39-41]. They are
established by implanting patient tumor tissue into immune-compromised mice, and

then directly transferring the resultant tumor from mouse to mouse. The implanted

tumor fragments contain not only heterogeneous cancer cells but also part of the tumor
microenvironment, thereby recapitulating the key characteristics of the parental tumor. PDX
models are becoming an increasingly integral part of basic and translational research and are
expected to improve the development of more effective novel therapeutics.

GC PDX models and key factors for successful engraftment have been reported by several
groups. In one such study, 15 PDX models were established from surgical specimens of

62 GC patients that retained the histologic and genetic profiles of the original tumor over
many passages [42]. A diffuse histologic type, low tumor cell percentage, and longer ex vivo
and processing times were negatively correlated with success rate. Similarly, another group
established 63 PDX models from 185 gastric adenocarcinoma biopsy specimens in which the
pathological features, HER2 expression, somatic genetic alterations, and chemosensitivity
were comparable to those of the primary tumors [43]. Chemotherapy prior to biopsy was
associated with lower engraftment success rates. In 17 PDXs derived from 54 surgically
resected GC samples, histomorphology and key protein expression were similar to those of
the patients' cancer tissue. It was also found that the tumor growth and survival rate in the
mice increased from generation to generation [44]. A high incidence of lymphomagenesis
was observed in 25 GC PDX models from 126 tumor tissues, which was associated with
inflammation of the primary tumor [45]. It was suggested that treating the mice with
rituximab treatment for a short period can prevent lymphoma formation without impeding
engraftment [46].

GC PDX models are useful for evaluating novel therapeutic strategies. For instance, they have
been used to confirm the anti-cancer efficacy of agents targeting cMET, maternal embryonic
leucine zipper kinase, fibroblast growth factor receptor 2, HER2, epidermal growth factor
receptor, and other molecules [47-50] as well as the synergistic effects of combination
therapy with 2 different drugs [51-55]; and demonstrate that inhibiting the dual specificity
phosphatase 6 could overcome cisplatin resistance [51]. PDX models can also be used to
assess the efficacy of immunotherapy. Treatment with a combination of urelumab (anti-
human cluster of differentiation [CD] 137) and nivolumab (anti-human programmed death
protein 1) suppressed tumor growth in PDX models generated using patient peripheral blood
mononuclear cells [56]. Engineered CLDN18.2-specific chimeric antigen receptor-expressing
T cells infiltrated into tumor tissue and eliminated cancer cells in CLDN18.2-positive GC
PDX models [57]. Moreover, PDX models can facilitate the development of diagnostic tools.
For example, **Cu-2-(p-thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid-
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trastuzumab was used to non-invasively detect the HER2 expressed due to GC in a PDX model
[58], and near-infrared fluorescence-based heptamethine carbocyanine dyes were shown to
be useful for tumor-specific imaging [59]. Additionally, CD44 and aldehyde dehydrogenase
were found to be highly specific biomarkers for detecting chemoresistant GC stem cells in 37
GC PDX models [60].

Patient-derived organoids (PDOs)

PDOs are relatively new concepts in translational cancer research. These 3-dimensional
culture systems are established by embedding tumor cells into ECM proteins, followed by
treatment with appropriate factors. PDOs generated from various cancer types retain the
genetic and histologic features of the original tumor, including their microarchitecture and
physiology [61-69]. PDOs are relatively low-cost, have short doubling time, and are more
suitable for genetic manipulation than PDX, thereby enabling large-scale drug screening and
molecular analysis [70-73].

Recent studies have described the establishment of a GC organoids (GCOs) that can simulate
the disease characteristics. Exome and transcriptome datasets derived from a PDO biobank
comprising of 63 organoids from 32 patients showed that they retained morphology, protein
expression, genetic features, and molecular subtypes of the original tumors. Moreover, the
clinical efficacy of recently introduced drugs such as napabucasin, abemaciclib, and the
ataxia telangiectasia and Rad3-related kinase inhibitor VE-822 was demonstrated using
GCOs [74]. Another study investigated the niche factor independency of organoid lines,
optimized the culture conditions, and revealed the genotype-phenotype relationships in 37
GC PDO lines exhibiting molecular and histological diversity. The authors also demonstrated
the efficacy of Wnt-targeted therapy for a subset of GCs by testing porcupine inhibitor in

a patient-derived GCO xenograft model [75]. Moreover, silencing C80rf76 was shown to
suppress tumor growth in GCOs [76], and the Hedgehog/Gli inhibitor GANT-61 decreased
programmed death-ligand 1 expression and cell proliferation in GCOs [77].

Numerous studies have highlighted the clinical utility of patient-derived GCOs. Organoids
established from surgically resected GC specimens and treated with epirubicin, oxaliplatin,
and 5-FU showed response comparable to that seen after the patients received chemotherapy
[78]. GCOs derived from endoscopic biopsies maintained the genomic profile of the primary
tumor including response to cytotoxic chemotherapy [79]. Finally, GCOs exhibiting variable
morphology, mutation profile, and chemotherapy response express the same proteins as the
original tumor, suggesting that these organoids can be used as viable preclinical models to
test the efficacy of trastuzumab or palbociclib [80].

Clinical perspectives of patient-derived model systems in precision medicine
Patient-derived models are expected to contribute to the development of novel targeted
drugs for personalized cancer treatment and bridge the gap between bench and bedside by
reproducing the interpatient and intratumor heterogeneity of cancer (Fig. 1). PDOs and PDXs
can be frozen and stored in tumor biobanks after cataloging their molecular phenotypes.
Such biobanks that reflect the patient population can be used for large-scale high-throughput
drug screening and identification of biomarkers for consecutive clinical trials [32,64,81-85].
Co-clinical trials—i.e., the clinical trials conducted on both patients and models derived
from them—can further accelerate drug development [62,73,86,87] by facilitating molecular,
cellular, and clinical analyses to validate clinical outcome data and investigating the response
and resistance to therapeutics. In clinical settings, patient-based ‘avatar’ models established
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from resected tumor tissue or circulating tumor cells and representing individual patients
will assist clinicians in optimizing individualized cancer treatment through drug screening
and validation [32,73,88-91].

Although it is clear that patient-derived models will play an important role in future research
and clinical practice, there still remains some challenges. Firstly, the heterogeneous nature
of cancer makes it difficult to establish a standard protocol for generating and maintaining
patient-derived models. For example, patient-derived GCOs have different culture
requirements depending on the factors in the natural tumor microenvironment [73,75,92].
Secondly, certain types of GC, such as diffuse type GC, have a high failure rate during PDX
engraftment [42,93-95]. Thirdly, patient-derived models do not exhibit all the features of the
parent tumor. For instance, PDOs lack blood vessels, stromal components, and an immune
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Fig. 1. Clinical perspectives of patient-derived model systems in precision medicine. (A) PDO and PDX biobanks recapitulating a heterogeneous patient
population that facilitateshigh-throughput drug screening and preclinical drug testing respectively. (B) Co-clinical trials were conducted on both the patients as
well as the models derived from them, enabling drug response validation and molecular mechanism investigation of response/resistance. (C) Avatar models are
established from tumor samples of individual gastric cancer patients. Active drugs are identified using drug screening on avatar models, assisting physicians to
optimize anti-cancer treatment.

PDX = patient-derived xenograft; PDO = patient-derived organoid.
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regulatory system, which will affect the response to treatment. Fourthly, human stroma is
replaced by murine stroma in PDX models after 3 to 5 passages, and tumor fragments can
only be implanted into an immunodeficient mouse [32]. Finally, it is important to continually
examine the retention of key molecular characteristics of organoids and PDXs in sequential
passages as genetic drift and clonal selection have been reported [32,81,96-99]. Additional
studies addressing these critical points can improve the utility of preclinical models in
translational cancer research.

FUTURE PERSPECTIVES ON IMPLEMENTING PRECISION
CARE OF GC PATIENTS

Current clinical decision-making in GC depends on anatomical TNM staging. Although
standardized guidelines for GC are based on evidence from large randomized controlled
trials, they overlook the heterogeneous nature of cancer and recommend treatment based
on the characteristics of an average population. Although efforts have been made to clarify
the molecular basis for the diversity of tumor phenotypes and identify biomarkers and
therapeutic targets, precision medicine for GC is still in its infancy and can be utilized only
upon metastasis or recurrence.

An SPC was established for predicting the prognosis and chemotherapy response based on
tissue samples from GC patients who underwent curative resection [22]. We believe that
this approach is a turning point for individualized therapy in GC (Fig. 2) [100]. Subsets of
patients with favorable prognosis without additional intervention after surgery can avoid
unnecessary chemotherapy, whereas those who are responsive to chemotherapy will benefit
from adjuvant treatment, and additional targeted drugs can be administered without delay
to patients with unfavorable prognosis who are also identified as being chemotherapy
resistant. Integrating clinicopathologic data, TNM staging, and SPC classification will assist
clinicians in evaluating high-risk patients who have a higher probability of cancer recurrence.
Furthermore, drug screening can be conducted on ‘avatar models’ of high-risk patients,
proposing potential targeted drugs or rational combinations for treating cancer recurrence.
By using this approach, physicians will be able to provide precision medicine to GC patients
in both adjuvant and recurrent settings.

Further investigations are needed to assess the clinical value of stratifying GC patients in
an adjuvant setting. The applicability of this approach must be tested in different patient
populations, such as, in GC patients in Europe where neoadjuvant chemotherapy is the
preferred treatment or in American patients who have a less favorable clinical outcome
than those in Asia. It is imperative to determine how to combine patient classifiers with
conventional TNM staging system and treatment modalities such as targeted agents or
immunotherapy. Randomized controlled trials using patient classifiers will validate this
approach, whereas research using endoscopic biopsy samples will broaden its usage.

Patients who do not respond to chemotherapy and have unfavorable prognosis remain
a challenge in GC treatment. These tumors are associated with diffuse histology, stem
cell-like features, and EMT [21,22,101]. In addition, they also have a low frequency of
genetic alterations and are consequently less responsive to targeted therapeutics and
immunotherapy. This type of GC is characterized by slow tumor cell proliferation, high
stem cell activity, mitochondria-centric metabolism, and high reactive oxygen species
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Fig. 2. Clinical implementation of precision medicine in resectable GC. (A) Resected GC samples are
subjected to single patient classifier. GC patients are stratified into three subtypes: immune, epithelial, and
stem-like. Optimized treatment strategy is arranged for each patient based on the clinical subtype. Immune
subtypes receive no additional treatment after surgery, whereas epithelial subtypes are treated with adjuvant
chemotherapy and stem-like subtypes are directly enrolled for the clinical trials. (B) High-risk patients are
identified by integrating the clinicopathologic data, TNM staging, and molecular subtypes, such as high TNM
stage, diffuse histology, stem-like type. Potential target drug screening is conducted on avatar models of high-
risk patients to select personalized target drugs for potential cancer recurrence.

MRNA = messenger RNA; RT-PCR = real-time polymerase chain reaction; GC = gastric cancer; FFPE = formalin-
fixed, paraffin-embedded tumor tissue; OP = operation; TNM = tumor-node-metastasis.

detoxification activity, as well as a novel synthetic metabolic vulnerability owing to nicotinic
acid phosphoribosyl transferase deficiency [18,102-108]. Novel drugs targeting these features
warrant further examination.

Till date, only 2 targeted therapeutics, trastuzumab and ramucirumab (for anti-HER2 and
VEGF2 antibodies, respectively), have been approved for the treatment of GC. Multiple
clinical trials have failed to demonstrate the efficacy of other targeted agents. Most of these
studies were conducted in an unselected patient population without considering the genomic
characteristics of GC. Recent studies have suggested that certain agents are more effective
against a specific subtype of GC [109,110]. Therefore, future clinical trials should consider
enrolling patients based on the presence of the target mutation.
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Patient-derived models recapitulating the characteristic features of parent tumor can
promote anti-cancer drug development as they serve as more precise models for preclinical
efficacy tests and potential therapeutic target validation. Co-clinical trials conducted

using models derived from enrolled patients will encourage researchers to develop novel
strategies to potentiate the response to treatment and overcome drug resistance, while PDOs
and xenografts established from resected tumor samples can function as drug validation
platforms to facilitate clinical decision-making in precision medicine.

CONCLUSIONS

GC is a genetically heterogeneous disease and each case of GC exhibits certain unique
features. Elucidating the molecular characteristics of GC provides a basis for developing
novel therapeutic strategies based on patient stratification. Clinical trials designed according
to the molecular profiles and data from patient-derived preclinical models can lead to more
personalized precision treatment for patients and better outcomes.

ACKNOWLEDGMENTS

The authors thank Medical Illustration & Design (MID), a part of the Medical Research
Support Services of Yonsei University College of Medicine, for all artistic support related to
this work.

REFERENCES

1. BrayF, Ferlay], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin
2018;68:394-424.

PUBMED | CROSSREF

2. Jung KW, Won YJ, Kong HJ, Lee ES. Prediction of cancer incidence and mortality in Korea, 2018. Cancer
Res Treat 2018;50:317-323.

PUBMED | CROSSREF

3. Jung KW, Won YJ, Kong HJ, Lee ES; Community of Population-Based Regional Cancer Registries. Cancer
statistics in Korea: incidence, mortality, survival, and prevalence in 2015. Cancer Res Treat 2018;50:303-316.
PUBMED | CROSSREF

4. JunJK, Choi KS, Lee HY, Suh M, Park B, Song SH, et al. Effectiveness of the Korean national cancer
screening program in reducing gastric cancer mortality. Gastroenterology 2017;152:1319-1328.¢7.

PUBMED | CROSSREF

5. Kim HH, Han SU, Kim MC, Hyung WJ, Kim W, Lee HJ, et al. Long-term results of laparoscopic
gastrectomy for gastric cancer: a large-scale case-control and case-matched Korean multicenter study. J
Clin Oncol 2014;32:627-633.

PUBMED | CROSSREF

6. Vifiuela EF, Gonen M, Brennan MF, Coit DG, Strong VE. Laparoscopic versus open distal gastrectomy for
gastric cancer: a meta-analysis of randomized controlled trials and high-quality nonrandomized studies.
Ann Surg 2012;255:446-456.

PUBMED | CROSSREF

7. Kim HI, Han SU, Yang HK, Kim YW, Lee HJ, Ryu KW, et al. Multicenter prospective comparative study of
robotic versus laparoscopic gastrectomy for gastric adenocarcinoma. Ann Surg 2016;263:103-109.
PUBMED | CROSSREF

8. Shen WS, Xi HQ, Chen L, Wei B. A meta-analysis of robotic versus laparoscopic gastrectomy for gastric
cancer. Surg Endosc 2014;28:2795-2802.

PUBMED | CROSSREF

https://doi.org/10.5230/jgc.2019.19.25 247


http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/29566480
https://doi.org/10.4143/crt.2018.142
http://www.ncbi.nlm.nih.gov/pubmed/29566481
https://doi.org/10.4143/crt.2018.143
http://www.ncbi.nlm.nih.gov/pubmed/28147224
https://doi.org/10.1053/j.gastro.2017.01.029
http://www.ncbi.nlm.nih.gov/pubmed/24470012
https://doi.org/10.1200/JCO.2013.48.8551
http://www.ncbi.nlm.nih.gov/pubmed/22330034
https://doi.org/10.1097/SLA.0b013e31824682f4
http://www.ncbi.nlm.nih.gov/pubmed/26020107
https://doi.org/10.1097/SLA.0000000000001249
http://www.ncbi.nlm.nih.gov/pubmed/24789136
https://doi.org/10.1007/s00464-014-3547-1
https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

9. Son T, Kwon IG, Hyung WJ. Minimally invasive surgery for gastric cancer treatment: current status and
future perspectives. Gut Liver 2014;8:229-236.
PUBMED | CROSSREF

10. Ahn]JY, Jung HY, Choi KD, ChoiJY, Kim MY, Lee JH, et al. Endoscopic and oncologic outcomes
after endoscopic resection for early gastric cancer: 1370 cases of absolute and extended indications.
Gastrointest Endosc 2011;74:485-493.

PUBMED | CROSSREF

11. Isomoto H, Shikuwa S, Yamaguchi N, Fukuda E, Ikeda K, Nishiyama H, et al. Endoscopic submucosal
dissection for early gastric cancer: a large-scale feasibility study. Gut 2009;58:331-336.
PUBMED | CROSSREF

12.  GASTRIC (Global Advanced/Adjuvant Stomach Tumor Research International Collaboration) Group,
Paoletti X, Oba K, Burzykowski T, Michiels S, Ohashi Y, et al. Benefit of adjuvant chemotherapy for
resectable gastric cancer: a meta-analysis. JAMA 2010;303:1729-1737.

PUBMED | CROSSREF

13. LeeJH, Kim JG, Jung HK, Kim JH, Jeong WK, Jeon TJ, et al. Clinical practice guidelines for gastric cancer
in Korea: an evidence-based approach. ] Gastric Cancer 2014;14:87-104.
PUBMED | CROSSREF

14. Japanese Gastric Cancer Association. Japanese gastric cancer treatment guidelines 2014 (ver. 4). Gastric
Cancer 2017;20:1-19.

PUBMED | CROSSREF

15. Noh SH, Park SR, Yang HK, Chung HC, Chung IJ, Kim SW, et al. Adjuvant capecitabine plus oxaliplatin
for gastric cancer after D2 gastrectomy (CLASSIC): 5-year follow-up of an open-label, randomised phase 3
trial. Lancet Oncol 2014;15:1389-1396.

PUBMED | CROSSREF

16. Lauren P. The two histological main types of gastric carcinoma: diffuse and so-called intestinal-type
carcinoma. An attempt at a histo-clinical classification. Acta Pathol Microbiol Scand 1965;64:31-49.
PUBMED | CROSSREF

17. Bosman FT, Carneiro F, Hruban RH, Theise ND, eds. WHO Classification of Tumours of the Digestive
System. Geneva: World Health Organization, 2010.

18. Tan IB, Ivanova T, Lim KH, Ong CW, Deng N, Lee ], et al. Intrinsic subtypes of gastric cancer, based on
gene expression pattern, predict survival and respond differently to chemotherapy. Gastroenterology
2011;141:476-485, 485.€1-485.¢11.

PUBMED | CROSSREF

19. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of gastric
adenocarcinoma. Nature 2014;513:202-209.
PUBMED | CROSSREF

20. CristescuR, 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;21:449-456.
PUBMED | CROSSREF

21. LeiZ, TanIB, Das K, Deng N, Zouridis H, Pattison S, et al. Identification of molecular subtypes of
gastric cancer with different responses to PI3-kinase inhibitors and 5-fluorouracil. Gastroenterology
2013;145:554-565.

PUBMED | CROSSREF

22. CheongJH, Yang HK, Kim H, Kim WH, Kim YW, Kook MC, et al. Predictive test for chemotherapy
response in resectable gastric cancer: a multi-cohort, retrospective analysis. Lancet Oncol 2018;19:629-638.
PUBMED | CROSSREF

23. Sohn BH, Hwang JE, Jang HJ, Lee HS, Oh SC, Shim JJ, et al. Clinical significance of four molecular
subtypes of gastric cancer identified by the cancer genome atlas project. Clin Cancer Res 2017. doi:
10.1158/1078-0432.CCR-16-2211 [In press].

PUBMED | CROSSREF

24. Kim HS, Shin SJ, Beom SH, Jung M, Choi YY, Son T, et al. Comprehensive expression profiles of
gastric cancer molecular subtypes by immunohistochemistry: implications for individualized therapy.
Oncotarget 2016;7:44608-44620.

PUBMED

25. Birkman EM, Mansuri N, Kurki S, Algars A, Lintunen M, Ristamiki R, et al. Gastric cancer:
immunohistochemical classification of molecular subtypes and their association with clinicopathological
characteristics. Virchows Arch 2018;472:369-382.

PUBMED | CROSSREF
https://doi.org/10.5230/jgc.2019.19.25 248


http://www.ncbi.nlm.nih.gov/pubmed/24827617
https://doi.org/10.5009/gnl.2014.8.3.229
http://www.ncbi.nlm.nih.gov/pubmed/21741645
https://doi.org/10.1016/j.gie.2011.04.038
http://www.ncbi.nlm.nih.gov/pubmed/19001058
https://doi.org/10.1136/gut.2008.165381
http://www.ncbi.nlm.nih.gov/pubmed/20442389
https://doi.org/10.1001/jama.2010.534
http://www.ncbi.nlm.nih.gov/pubmed/25061536
https://doi.org/10.5230/jgc.2014.14.2.87
http://www.ncbi.nlm.nih.gov/pubmed/27342689
https://doi.org/10.1007/s10120-016-0622-4
http://www.ncbi.nlm.nih.gov/pubmed/25439693
https://doi.org/10.1016/S1470-2045(14)70473-5
http://www.ncbi.nlm.nih.gov/pubmed/14320675
https://doi.org/10.1111/apm.1965.64.1.31
http://www.ncbi.nlm.nih.gov/pubmed/21684283
https://doi.org/10.1053/j.gastro.2011.04.042
http://www.ncbi.nlm.nih.gov/pubmed/25079317
https://doi.org/10.1038/nature13480
http://www.ncbi.nlm.nih.gov/pubmed/25894828
https://doi.org/10.1038/nm.3850
http://www.ncbi.nlm.nih.gov/pubmed/23684942
https://doi.org/10.1053/j.gastro.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29567071
https://doi.org/10.1016/S1470-2045(18)30108-6
http://www.ncbi.nlm.nih.gov/pubmed/28747339
https://doi.org/10.1158/1078-0432.CCR-16-2211
http://www.ncbi.nlm.nih.gov/pubmed/27331626
http://www.ncbi.nlm.nih.gov/pubmed/29046940
https://doi.org/10.1007/s00428-017-2240-x
https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

26. Setia N, Agoston AT, Han HS, Mullen JT, Duda DG, Clark JW, et al. A protein and mRNA expression-based
classification of gastric cancer. Mod Pathol 2016;29:772-784.
PUBMED | CROSSREF

27. Ahn S, Lee SJ, Kim Y, Kim A, Shin N, Choi KU, et al. High-throughput protein and mRNA expression-
based classification of gastric cancers can identify clinically distinct subtypes, concordant with recent
molecular classifications. Am J Surg Pathol 2017;41:106-115.
PUBMED | CROSSREF

28. Diaz Del Arco C, Estrada Muiioz L, Molina Roldan E, Cer6n Nieto MA, Ortega Medina L, Garcia Gémez
de Las Heras S, et al. Imnmunohistochemical classification of gastric cancer based on new molecular
biomarkers: a potential predictor of survival. Virchows Arch 2018;473:687-695.
PUBMED | CROSSREF

29. Gonzalez RS, Messing S, Tu X, McMahon LA, Whitney-Miller CL. Inmunohistochemistry as a surrogate
for molecular subtyping of gastric adenocarcinoma. Hum Pathol 2016;56:16-21.
PUBMED | CROSSREF

30. Park CK, Park]JS, Kim HS, Rha SY, Hyung WJ, Cheong JH, et al. Receptor tyrosine kinase amplified gastric
cancer: clinicopathologic characteristics and proposed screening algorithm. Oncotarget 2016;7:72099-72112.
PUBMED | CROSSREF

31. ChoiYY,JangE, Seo WJ, Son T, Kim HI, Kim H, et al. Modification of the TNM staging system for stage
II/I1I gastric cancer based on a prognostic single patient classifier algorithm. ] Gastric Cancer 2018;18:142-151.
PUBMED | CROSSREF

32. Hidalgo M, Amant F, Biankin AV, Budinska E, Byrne AT, Caldas C, et al. Patient-derived xenograft models:
an emerging platform for translational cancer research. Cancer Discov 2014;4:998-1013.
PUBMED | CROSSREF

33. JohnsonJI, Decker S, Zaharevitz D, Rubinstein LV, Venditti JM, Schepartz S, et al. Relationships
between drug activity in NCI preclinical in vitro and in vivo models and early clinical trials. Br J Cancer
2001;84:1424-1431.
PUBMED | CROSSREF

34. GilletJP, Calcagno AM, Varma S, Marino M, Green LJ, Vora MI, et al. Redefining the relevance of
established cancer cell lines to the study of mechanisms of clinical anti-cancer drug resistance. Proc Natl
Acad Sci U S A 2011;108:18708-18713.
PUBMED | CROSSREF

35. Hausser HJ, Brenner RE. Phenotypic instability of Saos-2 cells in long-term culture. Biochem Biophys Res
Commun 2005;333:216-222.
PUBMED | CROSSREF

36. Arrowsmith J, Miller P. Trial watch: phase II and phase III attrition rates 2011-2012. Nat Rev Drug Discov
2013;12:569.
PUBMED | CROSSREF

37. DiMasiJA, Reichert JM, Feldman L, Malins A. Clinical approval success rates for investigational cancer
drugs. Clin Pharmacol Ther 2013;94:329-335.
PUBMED | CROSSREF

38. Arrowsmith J. Trial watch: phase II failures: 2008-2010. Nat Rev Drug Discov 2011;10:328-329.
PUBMED | CROSSREF

39. Tentler]], Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, et al. Patient-derived tumour xenografts as
models for oncology drug development. Nat Rev Clin Oncol 2012;9:338-350.
PUBMED | CROSSREF

40. Siolas D, Hannon GJ. Patient-derived tumor xenografts: transforming clinical samples into mouse
models. Cancer Res 2013;73:5315-5319.
PUBMED | CROSSREF

41. Rosfjord E, Lucas ], Li G, Gerber HP. Advances in patient-derived tumor xenografts: from target
identification to predicting clinical response rates in oncology. Biochem Pharmacol 2014;91:135-143.
PUBMED | CROSSREF

42. Choi YY, Lee JE, Kim H, Sim MH, Kim KK, Lee G, et al. Establishment and characterisation of patient-
derived xenografts as paraclinical models for gastric cancer. Sci Rep 2016;6:22172.
PUBMED | CROSSREF

43. ZhuY, Tian T, Li Z, Tang Z, Wang L, Wu J, et al. Establishment and characterization of patient-derived
tumor xenograft using gastroscopic biopsies in gastric cancer. Sci Rep 2015;5:8542.
PUBMED | CROSSREF

44. JiX, ChenS, GuoY, LiW, Qi X, Yang H, et al. Establishment and evaluation of four different types of
patient-derived xenograft models. Cancer Cell Int 2017;17:122.
PUBMED | CROSSREF

https://doi.org/10.5230/jgc.2019.19.25 249


http://www.ncbi.nlm.nih.gov/pubmed/27032689
https://doi.org/10.1038/modpathol.2016.55
http://www.ncbi.nlm.nih.gov/pubmed/27819872
https://doi.org/10.1097/PAS.0000000000000756
http://www.ncbi.nlm.nih.gov/pubmed/30140949
https://doi.org/10.1007/s00428-018-2443-9
http://www.ncbi.nlm.nih.gov/pubmed/27342907
https://doi.org/10.1016/j.humpath.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27765925
https://doi.org/10.18632/oncotarget.12291
http://www.ncbi.nlm.nih.gov/pubmed/29984064
https://doi.org/10.5230/jgc.2018.18.e14
http://www.ncbi.nlm.nih.gov/pubmed/25185190
https://doi.org/10.1158/2159-8290.CD-14-0001
http://www.ncbi.nlm.nih.gov/pubmed/11355958
https://doi.org/10.1054/bjoc.2001.1796
http://www.ncbi.nlm.nih.gov/pubmed/22068913
https://doi.org/10.1073/pnas.1111840108
http://www.ncbi.nlm.nih.gov/pubmed/15939397
https://doi.org/10.1016/j.bbrc.2005.05.097
http://www.ncbi.nlm.nih.gov/pubmed/23903212
https://doi.org/10.1038/nrd4090
http://www.ncbi.nlm.nih.gov/pubmed/23739536
https://doi.org/10.1038/clpt.2013.117
http://www.ncbi.nlm.nih.gov/pubmed/21532551
https://doi.org/10.1038/nrd3439
http://www.ncbi.nlm.nih.gov/pubmed/22508028
https://doi.org/10.1038/nrclinonc.2012.61
http://www.ncbi.nlm.nih.gov/pubmed/23733750
https://doi.org/10.1158/0008-5472.CAN-13-1069
http://www.ncbi.nlm.nih.gov/pubmed/24950467
https://doi.org/10.1016/j.bcp.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26926953
https://doi.org/10.1038/srep22172
http://www.ncbi.nlm.nih.gov/pubmed/25712750
https://doi.org/10.1038/srep08542
http://www.ncbi.nlm.nih.gov/pubmed/29296105
https://doi.org/10.1186/s12935-017-0497-4
https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhang L, Liu Y, Wang X, Tang Z, Li S, Hu Y, et al. The extent of inflammatory infiltration in primary
cancer tissues is associated with lymphomagenesis in immunodeficient mice. Sci Rep 2015;5:9447.

PUBMED | CROSSREF

Corso S, Cargnelutti M, Durando S, Menegon S, Apicella M, Migliore C, et al. Rituximab treatment

prevents lymphoma onset in gastric cancer patient-derived xenografts. Neoplasia 2018;20:443-455.
PUBMED | CROSSREF

Gavine PR, Ren Y, Han L, Lv ], Fan S, Zhang W, et al. Volitinib, a potent and highly selective c-Met
inhibitor, effectively blocks c-Met signaling and growth in c-MET amplified gastric cancer patient-derived
tumor xenograft models. Mol Oncol 2015;9:323-333.

PUBMED | CROSSREF

Li S, Li Z, Guo T, Xing XF, Cheng X, Du H, et al. Maternal embryonic leucine zipper kinase serves as a
poor prognosis marker and therapeutic target in gastric cancer. Oncotarget 2016;7:6266-6280.

PUBMED

Wang H, LuJ, Tang]J, Chen S, He K, Jiang X, et al. Establishment of patient-derived gastric cancer
xenografts: a useful tool for preclinical evaluation of targeted therapies involving alterations in HER-2,
MET and FGFR2 signaling pathways. BMC Cancer 2017;17:191.

PUBMED | CROSSREF

Wang X, FuR, HuY, DuH, Li S, Li Z, et al. EGFR gene status predicts response and survival benefit

in a preclinical gastric cancer trial treating patient-derived xenografts with cetuximab. Oncol Rep
2017;38:2387-2393.

PUBMED | CROSSREF

Wu QN, Liao YF, Lu YX, Wang Y, Lu JH, Zeng ZL, et al. Pharmacological inhibition of DUSPG6 suppresses
gastric cancer growth and metastasis and overcomes cisplatin resistance. Cancer Lett 2018;412:243-255.
PUBMED | CROSSREF

Park H, Cho SY, Kim H, Na D, Han JY, Chae J, et al. Genomic alterations in BCL2L1 and DLC1 contribute
to drug sensitivity in gastric cancer. Proc Natl Acad Sci U S A 2015;112:12492-12497.

PUBMED | CROSSREF

Wang Q, Zhang X, Shen E, Gao J, Cao F, Wang X, et al. The anti-HER3 antibody in combination
with trastuzumab exerts synergistic antitumor activity in HER2-positive gastric cancer. Cancer Lett
2016;380:20-30.

PUBMED | CROSSREF

Yin Y, Shen Q, Zhang P, Tao R, Chang W, Li R, et al. Chk1 inhibition potentiates the therapeutic efficacy of
PARP inhibitor BMNG73 in gastric cancer. Am J Cancer Res 2017;7:473-483.

PUBMED

Shin SH, Park SS, Ju EJ, Park J, Ko EJ, HwangJJ, et al. Establishment of a patient-derived xenograft for
development of personalized HER2-targeting therapy in gastric cancer. Anticancer Res 2018;38:287-293.
PUBMED

Sanmamed MF, Rodriguez I, Schalper KA, Oniate C, Azpilikueta A, Rodriguez-Ruiz ME, et al. Nivolumab
and urelumab enhance antitumor activity of human T lymphocytes engrafted in Rag2-/-IL2Rynull
immunodeficient mice. Cancer Res 2015;75:3466-3478.

PUBMED | CROSSREF

Jiang H, Shi Z, Wang P, Wang C, Yang L, Du G, et al. Claudin18.2-specific chimeric antigen receptor
engineered T cells for the treatment of gastric cancer. ] Natl Cancer Inst 2019;111:409-418.https://www.
ncbi.nlm.nih.gov/entrez/query.fcgi?zcmd=Retrieve&db=PubMed&list_uids=30203099&dopt=Abstract
PUBMED | CROSSREF

Guo X, Zhu H, Zhou N, Chen Z, Liu T, Liu F, et al. Noninvasive detection of HER2 expression in gastric
cancer by *Cu-NOTA-trastuzumab in PDX mouse model and in patients. Mol Pharm 2018;15:5174-5182.
PUBMED | CROSSREF

Zhao N, Zhang C, Zhao Y, Bai B, AnJ, Zhang H, et al. Optical imaging of gastric cancer with near-infrared
heptamethine carbocyanine fluorescence dyes. Oncotarget 2016;7:57277-57289.
PUBMED

Nguyen PH, Giraud J, Chambonnier L, Dubus P, Wittkop L, Belleannée G, et al. Characterization of
biomarkers of tumorigenic and chemoresistant cancer stem cells in human gastric carcinoma. Clin
Cancer Res 2017;23:1586-1597.

PUBMED | CROSSREF

Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink S, et al. Long-term expansion

of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett's epithelium.
Gastroenterology 2011;141:1762-1772.

PUBMED | CROSSREF

https://doi.org/10.5230/jgc.2019.19.25 250


http://www.ncbi.nlm.nih.gov/pubmed/25819560
https://doi.org/10.1038/srep09447
http://www.ncbi.nlm.nih.gov/pubmed/29574251
https://doi.org/10.1016/j.neo.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25248999
https://doi.org/10.1016/j.molonc.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26701722
http://www.ncbi.nlm.nih.gov/pubmed/28292264
https://doi.org/10.1186/s12885-017-3177-9
http://www.ncbi.nlm.nih.gov/pubmed/28849161
https://doi.org/10.3892/or.2017.5907
http://www.ncbi.nlm.nih.gov/pubmed/29050982
https://doi.org/10.1016/j.canlet.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26401016
https://doi.org/10.1073/pnas.1507491112
http://www.ncbi.nlm.nih.gov/pubmed/27317872
https://doi.org/10.1016/j.canlet.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28401005
http://www.ncbi.nlm.nih.gov/pubmed/29277785
http://www.ncbi.nlm.nih.gov/pubmed/26113085
https://doi.org/10.1158/0008-5472.CAN-14-3510
http://www.ncbi.nlm.nih.gov/pubmed/30203099
https://doi.org/10.1093/jnci/djy134
http://www.ncbi.nlm.nih.gov/pubmed/30251865
https://doi.org/10.1021/acs.molpharmaceut.8b00673
http://www.ncbi.nlm.nih.gov/pubmed/27329598
http://www.ncbi.nlm.nih.gov/pubmed/27620279
https://doi.org/10.1158/1078-0432.CCR-15-2157
http://www.ncbi.nlm.nih.gov/pubmed/21889923
https://doi.org/10.1053/j.gastro.2011.07.050
https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

62. Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Fernandez-Mateos J, Khan K, et al. Patient-derived
organoids model treatment response of metastatic gastrointestinal cancers. Science 2018;359:920-926.
PUBMED | CROSSREF

63. Boj SF, Hwang CI, Baker LA, Chio II, Engle DD, Corbo V, et al. Organoid models of human and mouse
ductal pancreatic cancer. Cell 2015;160:324-338.

PUBMED | CROSSREF

64. van de Wetering M, Francies HE, Francis JM, Bounova G, Iorio F, Pronk A, et al. Prospective derivation of
a living organoid biobank of colorectal cancer patients. Cell 2015;161:933-945.

PUBMED | CROSSREF

65. Broutier L, Mastrogiovanni G, Verstegen MM, Francies HE, Gavarr6 LM, Bradshaw CR, et al. Human
primary liver cancer-derived organoid cultures for disease modeling and drug screening. Nat Med
2017;23:1424-1435.

PUBMED | CROSSREF

66. Gao D, Velal, Sboner A, Iaquinta PJ, Karthaus WR, Gopalan A, et al. Organoid cultures derived from
patients with advanced prostate cancer. Cell 2014;159:176-187.
PUBMED | CROSSREF

67. Lee SH, Hu W, Matulay JT, Silva MV, Owczarek TB, Kim K, et al. Tumor evolution and drug response in
patient-derived organoid models of bladder cancer. Cell 2018;173:515-528.¢17.
PUBMED | CROSSREF

68. Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, et al. A living biobank of breast cancer
organoids captures disease heterogeneity. Cell 2018;172:373-386.€10.
PUBMED | CROSSREF

69. Hubert CG, Rivera M, Spangler LC, Wu Q, Mack SC, Prager BC, et al. A three-dimensional organoid
culture system derived from human glioblastomas recapitulates the hypoxic gradients and cancer stem
cell heterogeneity of tumors found in vivo. Cancer Res 2016;76:2465-2477.

PUBMED | CROSSREF

70. YangH, SunL, Liu M, Mao Y. Patient-derived organoids: a promising model for personalized cancer
treatment. Gastroenterol Rep (Oxf) 2018;6:243-245.
PUBMED | CROSSREF

71. Aberle MR, Burkhart RA, Tiriac H, Olde Damink SW, Dejong CH, Tuveson DA, et al. Patient-
derived organoid models help define personalized management of gastrointestinal cancer. BrJ Surg
2018;105:e48-e60.

PUBMED | CROSSREF

72. Nagle PW, Plukker JT, Muijs CT, van Luijk P, Coppes RP. Patient-derived tumor organoids for prediction of
cancer treatment response. Semin Cancer Biol 2018;53:258-264.
PUBMED | CROSSREF

73. Weeber F, Ooft SN, Dijkstra KK, Voest EE. Tumor organoids as a pre-clinical cancer model for drug
discovery. Cell Chem Biol 2017;24:1092-1100.
PUBMED | CROSSREF

74. Yan HH, Siu HC, Law S, Ho SL, Yue SS, Tsui WY, et al. A comprehensive human gastric cancer organoid
biobank captures tumor subtype heterogeneity and enables therapeutic screening. Cell Stem Cell
2018;23:882-897.¢11.

PUBMED | CROSSREF

75. Nanki K, Toshimitsu K, Takano A, Fujii M, Shimokawa M, Ohta Y, et al. Divergent routes toward wnt and
R-spondin niche independency during human gastric carcinogenesis. Cell 2018;174:856-869.¢17.
PUBMED | CROSSREF

76. Wang X, Liang Q, Zhang L, Gou H, Li Z, Chen H, et al. C80rf76 promotes gastric tumorigenicity and
metastasis by directly inducing IncRNA DUSP5P1 and associates with patient outcomes. Clin Cancer Res
2019;25:3128-3140.

PUBMED | CROSSREF

77. ChakrabartiJ, Holokai L, Syu L, Steele NG, ChangJ, Wang]J, et al. Hedgehog signaling induces PD-L1
expression and tumor cell proliferation in gastric cancer. Oncotarget 2018;9:37439-37457.
PUBMED | CROSSREF

78. Steele NG, Chakrabarti J, Wang J, Biesiada J, Holokai L, ChangJ, et al. An organoid-based preclinical
model of human gastric cancer. Cell Mol Gastroenterol Hepatol 2019;7:161-184.
PUBMED | CROSSREF

79. Gao M, Lin M, Rao M, Thompson H, Hirai K, Choi M, et al. Development of patient-derived gastric
cancer organoids from endoscopic biopsies and surgical tissues. Ann Surg Oncol 2018;25:2767-2775.
PUBMED | CROSSREF

https://doi.org/10.5230/jgc.2019.19.25 951


http://www.ncbi.nlm.nih.gov/pubmed/29472484
https://doi.org/10.1126/science.aao2774
http://www.ncbi.nlm.nih.gov/pubmed/25557080
https://doi.org/10.1016/j.cell.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25957691
https://doi.org/10.1016/j.cell.2015.03.053
http://www.ncbi.nlm.nih.gov/pubmed/29131160
https://doi.org/10.1038/nm.4438
http://www.ncbi.nlm.nih.gov/pubmed/25201530
https://doi.org/10.1016/j.cell.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/29625057
https://doi.org/10.1016/j.cell.2018.03.017
http://www.ncbi.nlm.nih.gov/pubmed/29224780
https://doi.org/10.1016/j.cell.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26896279
https://doi.org/10.1158/0008-5472.CAN-15-2402
http://www.ncbi.nlm.nih.gov/pubmed/30430011
https://doi.org/10.1093/gastro/goy040
http://www.ncbi.nlm.nih.gov/pubmed/29341164
https://doi.org/10.1002/bjs.10726
http://www.ncbi.nlm.nih.gov/pubmed/29966678
https://doi.org/10.1016/j.semcancer.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28757181
https://doi.org/10.1016/j.chembiol.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/30344100
https://doi.org/10.1016/j.stem.2018.09.016
http://www.ncbi.nlm.nih.gov/pubmed/30096312
https://doi.org/10.1016/j.cell.2018.07.027
http://www.ncbi.nlm.nih.gov/pubmed/30733230
https://doi.org/10.1158/1078-0432.CCR-18-2804
http://www.ncbi.nlm.nih.gov/pubmed/30647844
https://doi.org/10.18632/oncotarget.26473
http://www.ncbi.nlm.nih.gov/pubmed/30522949
https://doi.org/10.1016/j.jcmgh.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30003451
https://doi.org/10.1245/s10434-018-6662-8
https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

80. Seidlitz T, Merker SR, Rothe A, Zakrzewski F, von Neubeck C, Griitzmann K, et al. Human gastric cancer
modelling using organoids. Gut 2019;68:207-217
PUBMED

81. Gao H, Korn JM, Ferretti S, Monahan JE, Wang Y, Singh M, et al. High-throughput screening using
patient-derived tumor xenografts to predict clinical trial drug response. Nat Med 2015;21:1318-1325.
PUBMED | CROSSREF

82. Schiitte M, Risch T, Abdavi-Azar N, Boehnke K, Schumacher D, Keil M, et al. Molecular dissection of
colorectal cancer in pre-clinical models identifies biomarkers predicting sensitivity to EGFR inhibitors.
Nat Commun 2017;8:14262.
PUBMED | CROSSREF

83. Pauli C, Hopkins BD, Prandi D, Shaw R, Fedrizzi T, Sboner A, et al. Personalized in vitro and in vivo
cancer models to guide precision medicine. Cancer Discov 2017;7:462-477.
PUBMED | CROSSREF

84. Bruna A, Rueda OM, Greenwood W, Batra AS, Callari M, Batra RN, et al. A Biobank of breast cancer explants
with preserved intra-tumor heterogeneity to screen anticancer compounds. Cell 2016;167:260-274.€22.
PUBMED | CROSSREF

85. LaiY, WeiX, Lin S, Qin L, Cheng L, Li P. Current status and perspectives of patient-derived xenograft
models in cancer research. ] Hematol Oncol 2017;10:106.
PUBMED | CROSSREF

86. Garrido-Laguna I, Tan AC, Uson M, Angenendt M, Ma WW), Villaroel MC, et al. Integrated preclinical and
clinical development of mTOR inhibitors in pancreatic cancer. Br ] Cancer 2010;103:649-655.
PUBMED | CROSSREF

87. Jimeno A, Amador ML, Kulesza P, Wang X, Rubio-Viqueira B, Zhang X, et al. Assessment of celecoxib
pharmacodynamics in pancreatic cancer. Mol Cancer Ther 2006;5:3240-3247.
PUBMED | CROSSREF

88. LiuX, Meltzer SJ. Gastric cancer in the era of precision medicine. Cell Mol Gastroenterol Hepatol 2017;3:348-358.
PUBMED | CROSSREF

89. Hidalgo M, Bruckheimer E, Rajeshkumar NV, Garrido-Laguna I, De Oliveira E, Rubio-Viqueira B, et al.
A pilot clinical study of treatment guided by personalized tumorgrafts in patients with advanced cancer.
Mol Cancer Ther 2011;10:1311-1316.
PUBMED | CROSSREF

90. Garrido-Laguna I, Uson M, Rajeshkumar NV, Tan AC, de Oliveira E, Karikari C, et al. Tumor engraftment
in nude mice and enrichment in stroma- related gene pathways predict poor survival and resistance to
gemcitabine in patients with pancreatic cancer. Clin Cancer Res 2011;17:5793-5800.
PUBMED | CROSSREF

91. Dong X, GuanJ, English JC, FlintJ, Yee J, Evans K, et al. Patient-derived first generation xenografts of non-
small cell lung cancers: promising tools for predicting drug responses for personalized chemotherapy.
Clin Cancer Res 2010;16:1442-1451.
PUBMED | CROSSREF

92. Tiiysiiz N, van Bloois L, van den Brink S, Begthel H, Verstegen MM, Cruz LJ, et al. Lipid-mediated Wnt
protein stabilization enables serum-free culture of human organ stem cells. Nat Commun 2017;8:14578.
PUBMED | CROSSREF

93. ZhangX, Claerhout S, Prat A, Dobrolecki LE, Petrovic I, Lai Q, et al. A renewable tissue resource of
phenotypically stable, biologically and ethnically diverse, patient-derived human breast cancer xenograft
models. Cancer Res 2013;73:4885-4897.
PUBMED | CROSSREF

94. DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MT, et al. Tumor grafts derived from women
with breast cancer authentically reflect tumor pathology, growth, metastasis and disease outcomes. Nat
Med 2011;17:1514-1520.
PUBMED | CROSSREF

95. Marangoni E, Vincent-Salomon A, Auger N, Degeorges A, Assayag F, de Cremoux P, et al. A new model of
patient tumor-derived breast cancer xenografts for preclinical assays. Clin Cancer Res 2007;13:3989-3998.
PUBMED | CROSSREF

96. Eirew P, Steif A, Khattra J, Ha G, Yap D, Farahani H, et al. Dynamics of genomic clones in breast cancer
patient xenografts at single-cell resolution. Nature 2015;518:422-426.
PUBMED | CROSSREF

97. Fujii M, Shimokawa M, Date S, Takano A, Matano M, Nanki K, et al. A colorectal tumor organoid library
demonstrates progressive loss of niche factor requirements during tumorigenesis. Cell Stem Cell
2016;18:827-838.
PUBMED | CROSSREF

https://doi.org/10.5230/jgc.2019.19.25 952


http://www.ncbi.nlm.nih.gov/pubmed/29703791
http://www.ncbi.nlm.nih.gov/pubmed/26479923
https://doi.org/10.1038/nm.3954
http://www.ncbi.nlm.nih.gov/pubmed/28186126
https://doi.org/10.1038/ncomms14262
http://www.ncbi.nlm.nih.gov/pubmed/28331002
https://doi.org/10.1158/2159-8290.CD-16-1154
http://www.ncbi.nlm.nih.gov/pubmed/27641504
https://doi.org/10.1016/j.cell.2016.08.041
http://www.ncbi.nlm.nih.gov/pubmed/28499452
https://doi.org/10.1186/s13045-017-0470-7
http://www.ncbi.nlm.nih.gov/pubmed/20664591
https://doi.org/10.1038/sj.bjc.6605819
http://www.ncbi.nlm.nih.gov/pubmed/17172427
https://doi.org/10.1158/1535-7163.MCT-06-0565
http://www.ncbi.nlm.nih.gov/pubmed/28462377
https://doi.org/10.1016/j.jcmgh.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21673092
https://doi.org/10.1158/1535-7163.MCT-11-0233
http://www.ncbi.nlm.nih.gov/pubmed/21742805
https://doi.org/10.1158/1078-0432.CCR-11-0341
http://www.ncbi.nlm.nih.gov/pubmed/20179238
https://doi.org/10.1158/1078-0432.CCR-09-2878
http://www.ncbi.nlm.nih.gov/pubmed/28262686
https://doi.org/10.1038/ncomms14578
http://www.ncbi.nlm.nih.gov/pubmed/23737486
https://doi.org/10.1158/0008-5472.CAN-12-4081
http://www.ncbi.nlm.nih.gov/pubmed/22019887
https://doi.org/10.1038/nm.2454
http://www.ncbi.nlm.nih.gov/pubmed/17606733
https://doi.org/10.1158/1078-0432.CCR-07-0078
http://www.ncbi.nlm.nih.gov/pubmed/25470049
https://doi.org/10.1038/nature13952
http://www.ncbi.nlm.nih.gov/pubmed/27212702
https://doi.org/10.1016/j.stem.2016.04.003
https://jgc-online.org

Precision Medicine in Gastric Cancer

°
Journal

, ‘ of
Gastric

Cancer

https://jgc-online.org

98

99

. Drost]J, van Jaarsveld RH, Ponsioen B, Zimberlin C, van Boxtel R, Buijs A, et al. Sequential cancer
mutations in cultured human intestinal stem cells. Nature 2015;521:43-47.
PUBMED | CROSSREF

. Matano M, Date S, Shimokawa M, Takano A, Fujii M, Ohta Y, et al. Modeling colorectal cancer using
CRISPR-Cas9-mediated engineering of human intestinal organoids. Nat Med 2015;21:256-262.
PUBMED | CROSSREF

100. Gambardella V, Cervantes A. Precision medicine in the adjuvant treatment of gastric cancer. Lancet Oncol
2018;19:583-584.
PUBMED | CROSSREF

101. Lee], Cristescu R, Kim KM, Kim K, Kim ST, Park SH, et al. Development of mesenchymal subtype gene
signature for clinical application in gastric cancer. Oncotarget 2017;8:66305-66315.
PUBMED

102. Huang L, Wu RL, Xu AM. Epithelial-mesenchymal transition in gastric cancer. Am J Transl Res
2015;7:2141-2158.
PUBMED

103. Cao H, Xu W, Qian H, Zhu W, Yan Y, Zhou H, et al. Mesenchymal stem cell-like cells derived from human
gastric cancer tissues. Cancer Lett 2009;274:61-71.
PUBMED | CROSSREF

104. Ye XQ, Li Q, Wang GH, Sun FF, Huang GJ, Bian XW, et al. Mitochondrial and energy metabolism-related
properties as novel indicators of lung cancer stem cells. Int ] Cancer 2011;129:820-831.
PUBMED | CROSSREF

105. Moore N, Lyle S. Quiescent, slow-cycling stem cell populations in cancer: a review of the evidence and
discussion of significance. J Oncol 2011;2011:396076.
PUBMED | CROSSREF

106. Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-mediated mechanisms: a radical
therapeutic approach? Nat Rev Drug Discov 2009;8:579-591.
PUBMED | CROSSREF

107. Shin MK, Cheong JH. Mitochondria-centric bioenergetic characteristics in cancer stem-like cells. Arch
Pharm Res 2019;42:113-127.
PUBMED | CROSSREF

108. LeeJ, Kim H, Lee JE, Shin SJ, Oh S, Kwon G, et al. Selective cytotoxicity of the NAMPT inhibitor FK866
toward gastric cancer cells with markers of the epithelial-mesenchymal transition, due to loss of NAPRT.
Gastroenterology 2018;155:799-814.e13.
PUBMED | CROSSREF

109. Van Cutsem E, Sagaert X, Topal B, Haustermans K, Prenen H. Gastric cancer. Lancet 2016;388:2654-2664.
PUBMED | CROSSREF

110. Kim H]J, Oh SC. Novel systemic therapies for advanced gastric cancer. ] Gastric Cancer 2018;18:119.
PUBMED | CROSSREF

https://doi.org/10.5230/jgc.2019.19.25 253


http://www.ncbi.nlm.nih.gov/pubmed/25924068
https://doi.org/10.1038/nature14415
http://www.ncbi.nlm.nih.gov/pubmed/25706875
https://doi.org/10.1038/nm.3802
http://www.ncbi.nlm.nih.gov/pubmed/29567072
https://doi.org/10.1016/S1470-2045(18)30131-1
http://www.ncbi.nlm.nih.gov/pubmed/29029513
http://www.ncbi.nlm.nih.gov/pubmed/26807164
http://www.ncbi.nlm.nih.gov/pubmed/18849111
https://doi.org/10.1016/j.canlet.2008.08.036
http://www.ncbi.nlm.nih.gov/pubmed/21520032
https://doi.org/10.1002/ijc.25944
http://www.ncbi.nlm.nih.gov/pubmed/20936110
https://doi.org/10.1155/2011/396076
http://www.ncbi.nlm.nih.gov/pubmed/19478820
https://doi.org/10.1038/nrd2803
http://www.ncbi.nlm.nih.gov/pubmed/30771209
https://doi.org/10.1007/s12272-019-01127-y
http://www.ncbi.nlm.nih.gov/pubmed/29775598
https://doi.org/10.1053/j.gastro.2018.05.024
http://www.ncbi.nlm.nih.gov/pubmed/27156933
https://doi.org/10.1016/S0140-6736(16)30354-3
http://www.ncbi.nlm.nih.gov/pubmed/29629216
https://doi.org/10.5230/jgc.2018.18.e3
https://jgc-online.org

	Clinical Implementation of Precision Medicine in Gastric Cancer
	INTRODUCTION
	MOLECULAR CLASSIFICATION OF GC
	The Cancer Genome Atlas (TCGA)
	Asian Cancer Research Group (ACRG)
	Singapore–Duke classification

	SIMPLIFIED ALGORITHMS WITH CLINICAL APPLICABILITY
	Immunohistochemistry (IHC) and in situ hybridization (ISH)
	Single-patient classifier (SPC) based on 4-gene real-time polymerase chain reaction (RT-PCR)
	Clinical implications of GC subtypes by SPC and relationship with other molecular subtyping schemes

	PRECLINICAL MODELS IN GC
	PDXs
	Patient-derived organoids (PDOs)
	Clinical perspectives of patient-derived model systems in precision medicine

	FUTURE PERSPECTIVES ON IMPLEMENTING PRECISION CARE OF GC PATIENTS
	CONCLUSIONS
	REFERENCES


