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Abstract
Background: Diffuse-type gastric cancer (GC) is known to be more aggressive 
and relatively resistant to conventional chemotherapy. Hence, more optimized 
treatment strategy is urgently needed in diffuse-type GC.
Methods: Using a panel of 10 GC cell lines and 3 GC patient-derived cells 
(PDCs), we identified cell lines with high EMTness which is a distinct feature 
for diffuse-type GC. We treated GC cells with high EMTness with ramucirumab 
alone, TGF-β receptor kinase inhibitor (TEW-7197) alone, or in combination to 
investigate the drug's effects on invasiveness, spheroid formation, EMT marker 
expression, and tumor-induced angiogenesis using a spheroid-on-a-chip model.
Results: Both TEW-7197 and ramucirumab treatments profoundly decreased 
invasiveness of EMT-high cell lines and PDCs. With a 3D tumor spheroid-on-
a-chip, we identified versatile influence of co-treatment on cancer cell-induced 
blood vessel formation as well as on EMT progression in tumor spheroids. The 3D 
tumor spheroid-on-a-chip demonstrated that TEW-7197 + ramucirumab combi-
nation significantly decreased PDC-induced vessel formation.
Conclusions: In this study, we showed TEW-7197 and ramucirumab consider-
ably decreased invasiveness, thus EMTness in a panel of diffuse-type GC cell lines 
including GC PDCs. Taken together, we confirmed that combination of TEW-
7197 and ramucirumab reduced tumor spheroid and GC PDC-induced blood ves-
sel formation concomitantly in the spheroid-on-a-chip model.
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1   |   INTRODUCTION

Gastric cancer (GC) is the third leading cause of cancer-
related death in global health.1 Although declining H. py-
lori prevalence and active GC screening and surveillance 
using endoscopy have resulted in reduced GC incidence 
and mortality,2–4 many GC patients are initially diag-
nosed when they are in an advanced stage or incurable. A 
limited number of therapeutic options, the resistance of 
chemotherapy, and cancer heterogeneity are a significant 
hurdle for GC treatment.

Diffuse-type GC by Lauren classification, is often origi-
nated from signet ring cell carcinoma. Compared to intes-
tinal type, it has distinct clinicopathologic features; those 
are young age at diagnosis, no pre-malignant lesions, loss 
of E-cadherin, presence of peritoneal seedings, and worse 
prognosis.5 In The Cancer Genome Atlas (TCGA) project 
and Asian Cancer Research Group (ACRG) data, the dis-
tinct cluster of diffuse-type GC was confirmed by molec-
ular subtypes as genomic stable (GS) and microsatellite 
stable with epithelial to mesenchymal transition features 
(MSS/EMT), respectively.6,7 In GS subtype, mutations in 
CDH1 (which encodes E-cadherin) and RHOA (RhoA) 
were detected relatively often (37% and 15%, respectively), 
which possibily caused invasive phenotypes of diffuse-
type GC.6

The EMT is a process by which epithelial cells escape 
from their normal stationary status and acquire cell plas-
ticity that is typically characteristic of mesenchymal cells.8 
Emerging evidences have suggested that EMT contrib-
utes to chemoresistance that results from multiple drug 
resistance (MDR) induced by the overexpression of drug 
resistance-related genes.9–11 Because cytotoxic chemo-
therapy is the first-line systemic treatment of advanced 
GC,12 this could explain the aforementioned poor conse-
quence of diffuse-type GC patients. While the importance 
of targeting the EMT in cancer treatment has been well 
recognized, but few strategies to overcome EMT-related 
chemoresistance have been developed. As a result, there 
are strong unmet needs for therapeutic interventions tar-
geting the EMT to improve outcomes in patients with 
diffuse-type cancers.

Ramucirumab is a monoclonal antibody targeting vas-
cular endothelial growth factor (VEGF) receptor 2. Widely 
used as a single agent or combined treatment for advanced 
GC, it has been proven to show improved outcomes when 
applied with chemotherapy like paclitaxel by relieving 
chemotherapy-induced resistance.13,14

In this study, we attempted to demonstrate the poten-
tial effect of ramucirumab and TGF-β receptor inhibitor 
on tumor invasiveness and PDC-induced angiogenesis in 
diffuse-type GC cell line and PCD models. In order to vi-
sualize the tumor-induced angiogenesis, we established 

a 3D tumor spheroid-on-a-chip using PDC and observed 
variations in tumor-induced angiogenesis on a chip upon 
different drug treatments.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture

Human GC cell lines were purchased from the Korea 
Cell Line Bank (Hs-746T, MKN1, MKN74, N87, SNU216, 
SNU484, and SNU668 cell lines) or the American Type 
Culture Collection (AGS, MKN28, and MKN45 cell lines) 
in 2010. All cell lines were cultured in RPMI 1640 medium 
supplemented with 10% FBS, an antibiotic, and an anti-
mycotic (Invitrogen Corporation) at 37℃ in a humidified 
5% CO2 atmosphere. Human umbilical vein endothelial 
cell (HUVEC; Lonza) was cultured in endothelial growth 
medium (EGM-2; Lonza) and passages 4–5 were used for 
experiments. Lung fibroblast (LF; Lonza) was cultured in 
fibroblast growth medium (FGM-2; Lonza) and passages 
5–6 were used. HUVEC and LF were incubated at 37℃ in 
5% CO2 for 2–3 days prior to chip loading.

All cell lines were tested for mycoplasma contamina-
tion and authenticated by STR DNA profiling (Samsung 
Medical Center Basic Research Support Center) for every 
6  months, and all cells were cultured according to the 
manufacturer's instructions and had been passaged for 
fewer than 2 months after thawing.

2.2  |  Patient-derived cell line culture

The GC patients were enrolled as part of the SMC 
Oncology Biomarker study (NCT#01831609, clinicaltri-
als.gov), which is reported elsewhere. Effusions or tumor 
tissues were collected for therapeutic purposes after ob-
taining written informed consent, and all procedures were 
performed according to the Declaration of Helsinki guide-
lines. The Institutional Review Board at Samsung Medical 
Center approved the protocol.

Primary biopsies or ascites fluid from patients with 
advanced GC were cultured as previously reported.15,16 
Cells were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum, 1% antibiotic-antimycotic 
solution (Gibco BRL), 0.5 μg/ml of hydrocortisone (Sigma 
Aldrich), 5  μg/ml of insulin (PeproTech), and 5  ng/ml 
of epidermal growth factor (PeproTech). The culture 
medium was changed every 3  days, and the cells were 
maintained at 37℃ in a humidified 5% CO2 incubator. 
The PDCs were passaged using TrypLE Express (Gibco 
BRL) to detach the cells when the cultures reached 80%–
90% confluence.
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2.3  |  Western blot analyses

Total cell extracts were obtained using lysis buffer (20 mM 
HEPES [pH 7.4], 1% Triton X-100, 1  mM EDTA, 1  mM 
MgCl2, 150 mM NaCl, 10% glycerol, protease inhibitor, and 
phosphatase inhibitor cocktail [Invitrogen]) and the pro-
tein concentration was determined using the micro-BCA 
protein reagent (Pierce Biotechnology). Equal amounts of 
protein (30 μg) from the clarified lysates were separated 
by SDS-PAGE and transferred onto nitrocellulose mem-
branes having a 0.2 μm pore size (Whatman). The mem-
branes were incubated in antibodies against N-cadherin 
(#13116, 1:1000; Cell Signaling Technology [CST]), E-
cadherin (#14472, 1:1000; CST), vimentin (#5741, 1:1000; 
CST), SNAIL (#3879, 1:1000; CST), VEGFR2 (#9698, 
1:1000; CST), Smad2/3 (#3102, 1:1000; CST), phosphor-
Smad2 (Ser 465/467)/Smad3 (Ser 423/425) (#8828, 1:1000; 
CST), β-catenin (#8480, 1:1000; CST), cytokeratin (ab9023, 
1:2000; Abcam), and β-actin (AC-15, 1:5000; Sigma) An 
ECL system was used for protein detection (Invitrogen).

2.4  |  Invasion assay

Cell invasiveness was measured using Matrigel-precoated 
Transwell plates (Corning Costar). Cells were incubated 
with a stem cell signaling pathway inhibitor for 48  h, 
trypsinized, counted, and added to the upper chambers 
of the Transwell plates. Medium containing 10% FBS was 
added to the lower chambers and acted as the chemoat-
tractant. After incubation for 24 h, cells in the lower cham-
ber were fixed in 100% methanol and stained with 0.1% 
crystal violet. Cells were counted in 10 randomly selected 
areas of each well using microscopy. Data were expressed 
as the mean ± SD from three independent experiments. 
Unless data were shown as the number of cells, the per-
centile values were calculated by dividing the number of 
drug-treated cells of each group with the number of non-
treated control cells.

2.5  |  Spheroid formation assay

When the cultures reached 80% confluence, the cells were 
detached with trypsin–EDTA and re-plated at a density 
of 5 × 103 cells/well in ultra-low attachment 6-well plates 
(Corning) containing serum-free DMEM/F12 medium 
supplemented with 20 ng/ml of epidermal growth factor 
(PeproTech), 20  ng/ml of basic fibroblast growth factor 
(PeproTech), and 2% of B27 supplement (Invitrogen).

After 2  weeks of incubation, spheroids greater than 
50 μm in diameter were counted under a phase-contrast 
microscope at 10× magnification. The average number of 

spheroids per 5000 seeded cells was calculated from three 
independent experiments. Unless data were shown as the 
number of cells, the percentile values were calculated by 
dividing the number of drug-treated cells of each group 
with the number of non-treated control cells.

2.6  |  Spheroid formation for 3D 
angiogenesis assay

Similarly, as in the previous step, PDCs and lung fibro-
blast were cultured until confluent and then re-suspended 
at 8000/ml and 2000/ml, respectively. The suspension was 
mixed with a 1% volume ratio of Matrigel and dispensed 
10,000 cells per well. The PDC suspension was incubated 
in the U-shaped 96-well plate (Sumitomo Bakelite) for 
2 days for spheroid formation.

2.7  |  PDC spheroid-induced 3D 
angiogenesis assay

The loading procedure of tumor spheroid-on-a-chip fol-
lows a previously published article.17 The fibrin hydrogel 
containing PDC spheroid and 1 mi/ml LF was loaded onto 
the chip. After the hydrogel cross-linked, 30 μl of the cell 
suspension (106/ml of HUVEC) was exposed adjacent to 
the primed hydrogel interface. After then, the media res-
ervoir was filled with 200 μl of the medium. The samples 
were incubated for 4  days and the culture medium was 
replaced every 2 days.

2.8  |  Drug treatment for 3D 
angiogenesis model

For the monoclonal antibody, ramucirumab was diluted 
at 2 μM with EGM-2. TEW-7197 was dissolved in DMSO 
at 1 μM according to the manufacturers’ instructions. The 
drugs were introduced into the sample at the target con-
centration along with the culture medium on Day 2.

2.9  |  Immunocytochemistry and image 
acquisition

The samples were fixed with 4% (w/v) paraformaldehyde 
(Biosesang) in DPBS (WELGENE) for 15  min, followed 
by permeabilization with a 20  min immersion in 0.20% 
Triton X-100 (Sigma). The samples were then treated with 
3% BSA (Sigma) for 24  h. Endothelial cell (EC)-specific 
staining was performed using 488 fluorescein-labeled 
Ulex Europaeus Agglutinin I (Lectin; Vector), which 
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was prepared at a 1:500 ratio of dye in BSA for 12  h at 
4℃. Epithelial tumor tissue-specific surface staining 
was performed with Alexa Fluor 594-tagged variants of 
anti-epithelial cell adhesion molecule (EpCAM, CD326; 
Biolegend) using a 1:300 dilution of dye in BSA and in-
cubation for 2–3 days. Image acquisition was performed 
using confocal microscopy (Nikon Ti-2) to produce slice 
and z-stackable images of tumor spheroid and vascula-
ture. ImageJ (http://fiji.sc.), an open-access software, was 
used to examine the confocal images.

2.10  |  Statistical analyses

The data are presented as the mean ± SD. All statisti-
cal analyses were carried out using GraphPad Prism 
(GraphPad software). A p value <0.05 was consid-
ered statistically significant. All statistical tests were 
two-sided.

3   |   RESULTS

3.1  |  Classification of the GC cell lines

Prior to identifying antitumoral effect of drugs targeting 
diffuse-type GC, we classified GC cell lines, in order to 
select cell lines showing high EMTness. This, in turn, 
could represent characteristics of the diffuse-type GC. 
Out of 10 cancer cell lines tested, 4 cell lines (Hs-746T, 
MKN1, SNU484, and SNU668) tended to migrate across 
the porous membranes more easily than did other 6 
cell lines (AGS, MKN28, MKN45, MKN74, N87, and 
SNU216) in an invasion assay which evaluates passage of 
GC cells using a Matrigel Transwell system (Figure 1A). 
We classified Hs-746T, MKN1, SNU484, and SNU668 as 
an EMT-high group and the others as an EMT-low. It 
is well known that, as the EMT progresses, expression 
of epithelial marker proteins including E-cadherin and 
β-catenin is reduced, and epithelial cells increase the ex-
pression of mesenchymal markers such as N-cadherin 
and vimentin, which results in invasive phenotypes.18 
Each subtype of the cells we assessed generally followed 
this same pattern of marker expression (Figure 1B). In 
addition, when grown in ultra-low attachment plates 
that enable cells to form three dimensional spheres, 
the EMT-high cells produced a larger number of tumor 
spheroids than did the EMT-low cells (Figure 1C), dem-
onstrating that cells classified into the EMT-high had 
stem cell-like features that are thought to contribute to 
tumor progression and metastasis.19 The line charac-
terization in our study was in accordance with previous 
results.20

3.2  |  Pharmacological inhibitors 
regulating transforming growth factor β 
(TGF-β) receptor kinase and an anti-VEGF 
receptor 2 antibody, ramucirumab, 
alleviate invasiveness of the EMT-high GC 
cell lines

Given that the EMT process shares many aspects with 
signaling pathways involved in stem cell regulation,21 
we sought a drug candidate that could regulate the EMT 
phenotype of cancer cells from the following known stem 
cell signaling inhibitors such as TGF-β receptor kinase 
inhibitors (TEW-7197 and LY3200882). For TGF-β recep-
tor kinase inhibitors, we pre-treated the cells lines with 
TGF-β ligands to directly activate TGF-β signaling and 
minimize potential secondary effects and confirmed acti-
vation of TGF-β signaling with phosphorylated Smad2/3 
levels. Then we investigated whether the invasiveness of 
the EMT-high cells was affected by the inhibitors. TEW-
7197 and LY3200882 both considerably decreased the 
invasiveness of EMT-high GC cell lines (Figure  2A and 
Supplementary Figure S1). In addition, ramucirumab sig-
nificantly reduced invasiveness of the EMT-high GC cell 
lines (Figure 2B). While the effect of VEGF or VEGFR on 
angiogenesis is well-known, only a few studies demon-
strated its influence on proliferation, migration, or inva-
sion in cancer cells.22–24 Considering a pleiotropic role of 
TGF-β signaling on tumorigenesis, such as cancer cell pro-
liferation, metastasis, chemoresistance, even on angiogen-
esis25–27 and based on a fact that VEGF induces the EMT 
and cancer stemness through cross talk with TGF-β,28,29 
we further investigated synergism between TGF-β recep-
tor inhibitor, TEW-7197, and ramucirumab. In the inva-
sion assay with one of the EMT-high cell lines, SNU484, 
incubating the cells with TEW-7197 plus ramucirumab 
had a greater influence on invasion and spheroid-forming 
capabilities of the cells than did either inhibitor alone (left 
and middle columns of Figure 2C, respectively). Another 
EMT-high cell line, MKN1, reproduced similar results 
when incubated with TEW-7197 and ramucirumab to-
gether (Supplementary Figure S2). Western blot assays 
demonstrated the additive effects of two inhibitors on 
EMT status (right column of Figure 2C).

3.3  |  GC patient-derived cells (PDCs) 
cultured from malignant ascites of diffuse-
type GC are sensitive to ramucirumab plus 
TGF-β receptor kinase inhibitor

Next, we investigated EMTness of GC PCDs. PDC #1 was 
cultured from malignant cells isolated from a 37-year-old 
female GC patient (EBV negative, HER2 negative, 

http://fiji.sc
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mismatch repair proficient, and signet ring cell carcinoma). 
PDC #2 was cultured from malignant cells isolated from a 
55-year-old female GC patient (EBV negative, HER2 nega-
tive, mismatch repair proficient, and signet ring cell carci-
noma). PDC #3 was cultured from malignant cells isolated 
from a 42-year-old male GC patient (EBV negative, HER2 
negative, mismatch repair proficient, and tubular adeno-
carcinoma/intestinal type). Even though the expression 
patterns of epithelial or mesenchymal protein markers in 
PDCs were not as apparent as those of the GC cell lines 
(Figure 1B and Figure 3A), of three PDCs, two that once 

were isolated from the diffuse-type GC displayed greater 
expression of mesenchymal markers, such as N-cadherin, 
vimentin, and SNAIL. The diffuse-type PDCs (PDC #1 
and PDC #2) had greater penetration capability through 
the Transwell inserts (Figure  3B) and tended to form a 
larger number of tumor spheroids than the intestinal-type 
PDC (PDC #3) (Supplementary Figure S3). Incubating the 
PDCs with TEW-7197 or ramucirumab alone had only 
marginal effects on invasiveness and spheroid formation 
of the cells. However, co-incubation with the two agents 
efficiently reduced the number of cells reaching the lower 

F I G U R E  1   Classification of the GC cell lines. (A) Matrigel invasion assay. Representative bright-field microscopic images of the 
cells that passed through Matrigel-coated Transwell membranes are shown (left). The ability of each cell line to pass through Transwell 
membranes inserts was quantified (right). Statistical differences between the EMT-high and EMT-low groups were determined using 
Mann–Whitney test. (B) Confirmation of the EMT protein markers in EMT-high and EMT-low cells. Steady-state expression of individual 
proteins was assessed by western blotting of the whole cell lysates from the indicated EMT-high or EMT-low GC cell lines. Beta-actin was 
used as a loading control. (C) Tumor spheroid-forming capabilities of gastric cancer cell lines. A spheroid-forming colony was defined as a 
non-adherent colony of cells derived from a single stem-like cancer cell that was greater than 50 μm in diameter, and quantified. Statistical 
differences were determined using Mann–Whitney test
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chambers of the Transwell plates and tumor spheroid 
formation (Figure 3C, 3E and Supplementary Figure S4, 
respectively). Western blot analyses confirmed that ramu-
cirumab together with TEW-7197 reduced the expression 
of mesenchymal markers while increasing the expression 
of epithelial markers (Figure 3D).

3.4  |  The addition of TGF-β receptor 
kinase inhibitor to ramucirumab blocks 
blood vessel formation in a PDC model

We utilized a tumor spheroid-on-a-chip capable of 
3D blood vessel formation to evaluate the effect of 
co-administration of ramucirumab and TEW-7197. 
Previously, Ko et al.17 developed the tumor spheroid-
on-a-chip, an in vitro 3D cell culture chip that can 

recapitulate the tumor microenvironment including 
tumor and blood vessels (Figure 4A). This chip provides 
3D image data of the morphological features of tumors 
and blood vessels that can explicate drug response ef-
fects visually.

We conducted PDC spheroid-induced 3D angiogen-
esis experiments using diffuse-type PDC #1. Before on-
chip culture, the PDC spheroid was formed for 2  days 
in U-shaped 96-well plates. This spheroid was patterned 
three-dimensionally on the chip's cell culture channel 
with fibrin hydrogel and fibroblast. And then, endothelial 
cells were placed on the primed hydrogel interface to form 
an endothelialized layer. This layer acts as a parent ves-
sel, inducing vasculogenesis toward the tumor spheroid 
(Figure  4B). After loading the tumor cells, angiogenesis 
was established 6 days later. During the process, we con-
tributed the difference in the media level to generate flow 

F I G U R E  2   Synergistic effect of TEW-7197 and ramucirumab on the EMT-high GC cell lines. The effects of TGF-β receptor inhibitor, 
TEW-7197 (A) and anti-VEGF receptor 2 antibody, ramucirumab (B) on invasiveness of the EMT-high GC cell lines. The invasive 
capabilities of each cell line were estimated with a Matrigel Transwell assay after 48 h treatment with 3 μM TEW-7179 (A) or 3 μM 
ramucirumab (B). Equal numbers of the indicated cells were loaded onto the membrane insert, and the number of cells passing through the 
pores was quantified. Statistical differences between control (Ctrl) and treated were determined using two-way ANOVA with Bonferroni-
adjusted post hoc tests for multiple comparisons. (C) SNU484 cells were incubated with 5 ng/ml of TGF-β in the absence or presence of 2 μM 
ramucirumab and/or 1 μM TEW-7179 for 48 h. The number of cells passing through the membrane inserts was determined with a Matrigel 
Transwell assay (left), and a spheroid-forming colony was quantified as described before (middle). The expression of EMT markers was 
detected by immunoblotting (right). Beta-actin was used as a loading control. Statistical differences were determined using one-way ANOVA 
with Bonferroni-adjusted post hoc tests for multiple comparisons. **p < 0.01, ***p < 0.001
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conditions. This condition allowed the various growth 
factors secreted from the PDC spheroid to initiate the 
parent vessel sprouting. Using this model, we evaluated 
the effect of drug treatment on angiogenesis induced by 
PDC spheroid. Notably, the blood vessel formation with 
diffuse-type PDC-EMT #1 was inhibited by ramucirumab 
to a great extent, as well as by TEW-7197 (Figure  4D). 
Furthermore, aberrant morphological characteristics 
were exhibited from the tip cell, and the tip cell looked 
lumpy. This antiangiogenic effect can also be a strategy for 
treating diffuse-type GC patients with poor prognosis as a 
synergistic effect by lowering resistance, and at the same 
time, by interfering nutrient and oxygen supply through 
combination therapy.

4   |   DISCUSSION

In this study, we identified that inhibition of VEGF re-
ceptor or TGF-β receptor signaling pathway with ramu-
cirumab or TEW-7197, respectively, alleviated EMTness 
of diffuse-type GC cells. TGF-β pathway, as one of the 
well-known EMT inducers, activates the expression of 
mesenchymal genes such as SNAIL and ZEB1 through a 
SMAD family dependent cascade and SMAD-independent 
MAPK/PI3K/AKT signaling pathways.30,31 It has been 
reported that high levels of TGF-β in tumor microenvi-
ronment and plasma were correlated with cancer progres-
sion, metastasis, and poor prognosis32–34 which is rather 
attributed from TGF-β-mediated chemoresistance.35–37

F I G U R E  3   Synergistic effects of TEW-7197 and ramucirumab on gastric cancer patient-derived cells (PDCs). Classification of EMT 
characteristics in gastric cancer patient-derived cells (PDCs). PDCs from three gastric cancer patients were used to assess the expression of 
mesenchymal or epithelial cell protein markers (A) and the invasiveness (B). Each PDC was treated with 10 ng/ml of TGF-β in the absence 
or presence of 2 μM ramucirumab and/or 1 μM TEW-7179 for 48 h, and the invasion assay was conducted (C and E). Statistical differences 
were determined using one-way ANOVA with Bonferroni-adjusted post hoc tests for multiple comparisons. ***p < 0.001. Western blotting of 
the diffuse-type PDC #1 was performed to evaluate the expression of EMT marker proteins (D)
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Despite most of the researches with ramucirumab fo-
cused on its ability to regulate endothelial cell signaling, 
we demonstrated that ramucirumab reduced the invasive 
capability of EMT-high GC cell lines (Figure 2B), suggest-
ing VEGF receptor as a candidate for EMT-targeted therapy. 
Combining ramucirumab with TGF-β receptor kinase in-
hibitor, TEW-7197, produced additive effects, significantly 
reducing the invasion and spheroid-forming capabilities of 
EMT-high cell lines (SNU484 and MKN1) compared with 
either the inhibitor or ramucirumab alone. In fact, some re-
ports pointed out that antiangiogenic agents could contrib-
ute to anti-tumorigenesis by directly targeting the stemness 
of tumor cells, not just by controlling vascular structure.38 
In addition, Von Baumgarten et al. showed dose-dependent 
effects of another antiangiogenic monoclonal antibody, 
bevacizumab, on neoplastic cell viability and induction of 
cytotoxicity in vivo.39 We confirmed the additive effects of 
TEW-7197 to ramucirumab in PDC models. Incubation 
with the two agents reduced invasiveness and spheroid for-
mation of the PDCs to a greater degree than either inhib-
itor alone. Western blot analyses revealed that combining 

the two agents also reduced mesenchymal (SNAIL, vimen-
tin, and N-cadherin) and induced epithelial (E-cadherin) 
marker expression, suggesting reversal of the EMT in 
treated cell lines. These findings were consistent with those 
of a previous report evaluating the effects of a combination 
of ramucirumab and paclitaxel in GC cell lines, in which 
E-cadherin was upregulated and N-cadherin was downreg-
ulated.40 Hence ramucirumab and TGF-β receptor kinase 
inhibitor may profoundly reduce invasiveness of GC cells, 
especially those with high EMT features, such as malignant 
cells from diffuse-type GC ascites.

We also validated a direct action of ramucirumab on 
endothelial cells with the tumor spheroid-on-a-chip which 
enabled us to captivate blood vessel formation induced by 
cancer cell spheroid (Figure  4). Treatment with ramu-
cirumab at the initial point of angiogenesis revealed a 
noticeable decline in the vessel sprouting. Ramucirumab, 
which binds to VEGFR2, is one of the most effective treat-
ments for inhibiting blood vessel formation in GC pa-
tients. During combination therapy using antiangiogenic 
agents with chemotherapeutics, the tumor vasculature 

F I G U R E  4   Validation of drug 
efficacy using tumor spheroid-induced 3D 
angiogenesis assay derived from diffuse-
type PDC representing high EMTness. 
(A) The photograph of the standardized 
tumor spheroid-on-a-chip capable of 
mimicking tumor microenvironment. 
Scale bar: 1 mm. (B) Schematic of 3D 
angiogenesis induced by a patient-derived 
tumor spheroid placed within an ECM. 
(C) Timeline for PDC spheroid-induced 
angiogenesis and drug treatment. (D) 
Confocal 3D projection images showing 
diffuse-type PDC #1 spheroid-induced 
angiogenesis. Various types of drugs 
were treated on the chip. (i) Control, (ii) 
TEW-7197, (iii) ramucirumab, and (iv) 
TEW-7197 with ramucirumab. Green: 
Lectin (Alexa Fluor 488), Red: EpCAM 
(Alexa Fluor 594), and Blue: DAPI. Scale 
bar: 500 μm
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would change depending on pro- and antiangiogenic sig-
nals. This could lead to increased blood perfusion and che-
motherapy delivery or to vessel collapse and consequent 
limited nutrients and oxygen supply.41,42 Thus, it is im-
portant to precisely explore therapy influence on vascular 
structure, drug delivery, and growth/regression of tumor 
cells. In respect of this, the 3D cell culture platform we 
used would provide us an integrated view to apprehend 
tumor microenvironment by examining interaction be-
tween cancer cells and surrounding blood vessels.

Taken together, our study confirmed that combination 
therapy with simultaneous use of TEW-7197 and ramu-
cirumab exerted additive effects on reversing the EMT, 
in addition to interfering the tumor-induced angiogene-
sis, of diffuse-type GC in an in vitro model. Moreover, we 
demonstrated for the first time that a 3D tumor spheroid-
on-a-chip can be efficiently used to assess angiogenesis 
with patient-derived cell lines. We plan to apply this 3D 
tumor spheroid-on-a-chip in various applications in a 
more high-throughput drug screening system.
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