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Abstract
Background Three-dimensional in vitro spheroid models are unique because they are considered for enrichment of specific 
cell populations with self-renewal ability. In this study, we explored the different mechanisms of gastric cancer spheroid-
forming cells according to the Lauren classification.
Methods We isolated and enriched cells with self-renewal ability using spheroid-forming methods from gastric cancer 
cell lines. The expression of candidate target genes was investigated using western blot and qRT-PCR analysis. Lentiviral 
shRNA knockdown of target gene expression was performed and the effects on spheroid, colony forming, and tumorigenic 
ability were analyzed.
Results The SNU-638, SNU-484, MKN-28, and NCI-N87 successfully formed spheroid from single cell and enriched for 
self-renewal ability from 11 gastric cancer cell lines, including diffuse and intestinal types. The expression of SOX2 and 
E-cadherin increased in spheroid-forming cells in a diffuse-type cell line (SNU-638 and SNU-484), but not in the intestinal 
type (MKN-28 and NCI-N87). In contrast, ERBB3 expression was only increased in intestinal-type spheroid cells. The deple-
tion of each candidate target gene expression suppressed self-renewal ability to grow as spheroids and colonies in a soft agar 
assay. In particular, down-regulated ERBB3 in the intestinal-type cell lines inhibited tumor growth in a mouse xenograft 
model. We found that high ERBB3 gene expression correlates with decreased survival in the intestinal type of gastric cancer.
Conclusions Our results suggest that diffuse- and intestinal-type spheroid-forming cells express genes differently. Our data 
suggest that these candidate genes from spheroid-forming cells can be used in applications in targeted therapy.
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Introduction

Gastric cancer remains the third most common cancer and 
a leading cause of mortality in the world. The highest inci-
dence rates of gastric cancer occur in eastern Asia, Europe, 
and South America [1, 2]. Despite improved treatment 
options, almost all patients with advanced gastric cancer 
eventually relapse [3]. However, molecular mechanisms 
of relapse and progression of gastric cancer remain largely 
unknown. Emerging studies have suggested that cancer stem 
cells (CSCs) contribute to cancer recurrence after treatment 
and are responsible for tumor evolution [4, 5].

Three-dimensional in vitro spheroid models are consid-
ered to be more physiologically relevant models of nor-
mal and diseased human tissues than are cells cultured 
in two dimensions [6]. Among numerous 3D models, 
spherical cancer models are characterized by morphology, 
presence of cancer cells, and capacity to be maintained 
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as free-floating cultures [7]. Over the last several years, 
spheroid cultures that rely on the anchorage-independent 
growth properties of stem cells have been used to enrich 
CSCs in many solid tumors [8–12]. The spheroid forma-
tion method, particularly non-adherent conditions with 
serum-free media, has been used for most gastric cancer 
studies [10, 13]. Cells in a spheroid directly interact with 
neighboring cells and secrete extracellular matrix into the 
environment [14]. These cells are also associated with 
maintenance of stemness, induction of epithelial–mesen-
chymal transition (EMT), and invasion [15, 16]. Spheroid-
forming cells are generally believed to conserve the char-
acteristics, gene expression profiles, tumor heterogeneity, 
and tumor morphologies of their original tumors [12]. This 
implication suggests that spheroid formation can be con-
sidered a surrogate for human gastric cancer.

In 1965, Lauren described two distinct histologic clas-
sifications of gastric adenocarcinomas, intestinal type and 
diffuse type [17]. These two Lauren types of gastric adeno-
carcinoma have distinct clinical profiles [18]. The intestinal 
type of gastric cancer is more common in men and older 
patients, and is related to environmental factors such as Heli-
cobacter pylori infection, diet, and lifestyle. In contrast, the 
diffuse type is more common in women and young patients, 
and is associated with genetic abnormalities [19]. Recently, 
The Cancer Genome Atlas (TCGA) network proposed a 
molecular classification dividing gastric cancer into the fol-
lowing four subtypes: Epstein–Barr virus (EBV)-positive 
tumors, microsatellite instable (MSI) tumors, genomically 
stable (GS) tumors, and tumors with chromosomal instabil-
ity (CIN) [20]. The EBV and MSI subtypes of gastric cancer 
are associated with a vigorous immunological reaction and 
overexpression of immune checkpoint molecules. There-
fore, these two subtypes of gastric cancer are particularly 
attractive candidates for immune checkpoint blockade. Tri-
als in these particular gastric cancer subtypes are underway 
[21, 22]. In contrast, the other two gastric cancer subtypes 
limit the effect of many therapeutic targets, including HER2 
overexpression [23]. Other targeted therapeutics, including 
those directed against the signaling pathways of mitogenesis, 
angiogenesis, and immune checkpoints, are under clinical 
investigation for treatment of gastric cancer [23]. In addi-
tion, there are reports of gastric cancer subtypes with dis-
tinct gene expression patterns that respond to chemotherapy 
and are associated with patient survival [24]. Prior evalua-
tion of the clinical and histological characteristics of these 
molecular subtypes suggests that the therapeutic strategy 
may depend on cancer subtype.

Considering the previous data, we hypothesized that 
spheroid-forming cells may have different characteristics 
classified by Lauren histological type. In this study, we iso-
lated spheroid-forming cells from gastric cancer cell lines. 
We classified the spheroids according to histological type, 

assessed their gene expression patterns, and explored poten-
tial targeted treatments.

Materials and methods

Cell lines and culture conditions

The human gastric cancer cell lines AGS, SNU-216, SNU-
484, SNU-601, SNU-638, SNU-668, SNU-719, NCI-N87, 
MKN-1 and MKN-45 were obtained from the Korean Cell 
Line Bank (Seoul, Korea). The MKN-28 cell line was pur-
chased from Riken (Ibaraki, Japan). Cells were maintained in 
RPMI-1640 medium (HyClone, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (FBS) (HyClone), 
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) (Invitrogen, Carlsbad, CA, USA), 25 mM  NaHCO3 
(Invitrogen), and 1% penicillin/streptomycin (HyClone). 
Cells were grown at 37 °C in a humidified incubator with 
5%  CO2 until the monolayers reached confluence.

Spheroid forming assay

Spheroid culture was performed as previously described 
[25]. Briefly, 5 × 103 parent cells were seeded onto a micro-
well plate (C-Wll, Incyto, Chonan, Korea), which was placed 
in a 60-mm Petri dish (SPL, Pocheon, Korea). The medium 
was changed every 4 days. After 2 weeks, the spheroids 
were examined using an Olympus CK40 optical microscope 
(Olympus, Tokyo, Japan). Diameter of spheroids was cal-
culated using captured images. Spheroid cells larger than 
75 µm were considered as formed spheroids. For further 
studies, spheroids were dissociated into single cells using 
trypsin–EDTA and mechanical disruption with a pipette. 
The resulting cells were then suspended and counted for 
inoculation.

Soft agar colony formation assay

Soft agar assays were constructed in a 60-mm dish as previ-
ously described [26]. Briefly, 5 × 103 cells were resuspended 
in 2 ml with a final concentration of 1× media containing 
0.3% agarose (Amresco, Solon, OH, USA). The cells were 
then spread onto a 2 ml base layer containing 0.6% agar. 
The plates were incubated for 14–21 days at 37 °C with 5% 
 CO2. The plates were then stained with 0.01% crystal violet 
(Sigma) and 10% methanol solution for 1 h. The assays were 
repeated a total of three times. Colonies were calculated 
using bright field images and diameter larger than 100 µm 
were counted.
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Cell invasion assay

For the invasion assay, the cells were loaded in the upper 
chamber of the Transwell culture inserts (8 µm pore size) 
at a density of 2 × 105 cells/well. Subsequently, 200 µl of 
serum-free RPMI medium was added to the upper chamber. 
A volume of 750 µl of complete medium containing 10% 
FBS was added to the lower chamber. After incubation at 
37 °C for 24 h in a 5%  CO2 incubator, noninvaded cells on 
the upper surface of the filter were removed with a cotton 
swab. Cells on the lower surface of the filter were fixed and 
stained with 4% paraformaldehyde and crystal violet. Three 
microscopic fields of view were randomly captured with a 
Canon EOS 600D CCD Camera (Canon). The assays were 
repeated a total of three times. The average number of cells 
was calculated and used for statistical analysis.

Real‑time quantitative PCR

Total RNA was prepared using TRIzol (MRC, Cincinnati, 
OH, USA) according to the manufacturer’s instructions. For 
quantitative RNA analysis, 1 µg of total RNA was reverse 
transcribed using M-MLV reverse transcriptase (Invitrogen) 
to produce cDNA. Amplification was performed in a CFX 
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 
USA) using iQ SYBR Green Supermix (Bio-Rad). For quan-
titative real-time PCR analysis, the expression level of each 
mRNA of interest was normalized to the GAPDH mRNA 
expression level. The following primer sequences were used:

OCT4: forward 5′-GCA GCG ACT ATG CAC AAC GA-3′, 
reverse 5′-CCA GAG TGG TGA CGG AGA CA-3′; SOX2, 
forward 5′-CAT CAC CCA CAG CAA ATG ACA-3′, reverse 
5′-GCT CCT ACC GTA CCA CTA GAA CTT -3′; NANOG, 
forward 5′-AAT ACC TCA GCC TCC AGC AGATG-3′, reverse 
5′-TGC GTC ACA CCA TTG CTA TTC TTC -3′; GAPDH, for-
ward 5′-CAG CCT CAA GAT CAT CAG CAATG-3′, reverse 
5′-TCA TGA GTC CTT CCA CGA TACCA-3′.

Western blot analysis

Western blot analysis was performed as previously described 
[25]. To collect tumor cell lysates, resected tumors were 
lysed in lysis buffer by bead beating using a Precellys 24 
homogenizer (Bertin Technologies, Montigny-le-Breton-
neux, France). The following concentrations were used 
for the primary antibodies: anti-OCT4, 1:1000 (Abcam, 
Cambridge, UK); anti-CD44, 1:1000 (Abcam); anti-SOX2, 
1:500 (Cell Signaling Technology, Beverly, MA, USA); 
anti-NANOG, 1:1000 (Cell Signaling Technology); anti-
MMP9, 1:1000 (Cell Signaling Technology); anti-ERBB2, 
1:1000 (Cell Signaling Technology); anti-ERBB3, 1:1000 
(Cell Signaling Technology); anti-E-cadherin, 1:1000 
(Santa Cruz Biotechnology); anti-c-Met, 1:1000 (Santa Cruz 

Biotechnology); anti-EGFR. 1:1000 (Santa Cruz Biotechnol-
ogy); anti-N-cadherin, 1:1000 (BD Bioscience, San Jose, 
CA, USA); anti-Snail, 1:1000 (EnoGene, Nanjing, Jiangsu, 
China); and anti-beta-actin, 1:10,000 (Sigma-Aldrich).

Tet‑inducible shRNA expression system

Oligonucleotides were used to form tet-on inducible shRNA 
constructs with tet-on pLKO shRNA knockdown vectors 
(Addgene plasmid #21915, Cambridge, MA, USA). Tet-
pLKO-puro-Scrambled was a gift from Charles Rudin 
(Addgene plasmid #47541). The shRNA hairpin targeting 
the 3′UTR was purchased from Macrogen (Seoul, Korea). 
The shRNA hairpin sequences are as follows: SOX2 
(5′-CCGG-CTG CCG AGA ATC CAT GTA TAT-CTC GAG 
-ATA TAC ATG GAT TCT CGG CAG-TTTTT-3′); E-cadherin 
(5′-CCGG-CCA GAG CTT CAA GAC TGT TTA-CTC GAG 
-TAA ACA GTC TTG AAG CTC TGG-TTTTT-3′); ERBB3 
(5′-CCGG-GCA GAA ATT ATT GGG CTC TTT-CTC GAG 
-AAA GAG CCC AAT AAT TTC TGC-TTTTT-3′). The shRNA 
oligos were cloned into the AgeI and EcoRI sites in place 
of the stuffer fragment. All constructs were confirmed by 
DNA sequencing.

Lentiviral cell transduction

Lentiviral vector particles were produced by transfection 
of 293T cells as previously described [27]. Two days after 
transfection, cell debris was removed using a 0.45-µm-pore-
sized filter and subsequently concentrated through centrifu-
gation using an  Amicon® Ultra-15 Centrifugal filter unit 
(EMD Millipore, Billerica, MA, USA). The cells were 
infected with viral particles as previously described [28] 
and selected in puromycin.

Xenograft model

The xenograft studies were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Korea Uni-
versity College of Medicine (IACUC approval No. KOREA-
2017-0108). Six-week-old male nude mice were purchased 
from Orient Bio Animal Center (Seongnam, Korea). The 
nude mice were injected with the indicated number of 
parent or spheroid cells subcutaneously into the flank. To 
establish tumor for Tet-on shRNA expression system, cells 
were subcutaneously injected (1 × 107 cells for MKN-28 and 
4 × 106 cells for NCI-N87). Once the mean tumor volume 
reached 100 mm3, the mice were randomly divided into con-
trol and treatment groups. The groups were treated with a 
standard water supply or water supplemented with 1 mg/mL 
doxycycline and 2% sucrose for 21 days.



970 J. W. Lee et al.

1 3

TCGA analysis

TCGA datasets from 290 samples of stomach adenocarci-
noma were analyzed for gene mutation and amplification 
using the GISTIC2 algorithm in the cbioportal platform 
(http://www.cbiop ortal .org). The platform was used to 
investigate the relationship between ERBB3 alteration and 
clinical outcome.

Kaplan–Meier analysis

The 5-year overall survival (OS) rates were analyzed for gas-
tric cancer cases from a publicly available database (kmplot.
com) [29]. A total of 320 patients were analyzed from the 
following datasets: GSE14210, GSE15459, GSE22377, 
GSE29272, GSE51105, and GSE62254. The input gene is 
ERBB3 (1563253_s_at). The analysis was restricted to Lau-
ren classification intestinal (n = 320) and diffuse (n = 241) 
types of gastric cancers. Other subtypes included all patients 
(gender, perforation, treatment, and HER2 status).

Statistical analysis

Data are expressed as means ± standard deviations. At least 
three experiments were performed independently for each 
type of experiment to ensure reproducibility. Statistical dif-
ferences among the experimental groups were evaluated 
using analysis of variance, followed by Student’s t test. P 
values < 0.05 were considered statistically significant.

Results

Isolation of spheroid‑forming single cells enriched 
with stem‑like properties

Our group previously found that spheroid-forming single 
cells could be successfully isolated using a limited dilution 
protocol (with a microwell plate) [25]. We later focused on 
the characteristics of spheroid-forming cells with regard 
to colony formation, invasion, and tumorigenic ability. 
We found that spheroid-forming cells possessed a potent 
colony-forming ability on a soft agar assay (Fig. 1a). The 
spheroid-forming cells also had a greater invasive capac-
ity than did parental cells using a transwell invasion assay 
(Fig. 1b). We used a MKN-28 gastric cancer cell line to 
determine whether spheroids have higher tumorigenic abil-
ity. The MKN-28 line was used because the SNU-638 cell 
line does not have tumorigenic ability (in either parent or 
spheroid cells) despite injection of at least one million 
cells (data not shown). In xenograft studies, we injected 
an equal number (5 × 104, 1 × 105, 5 × 105) of freshly dis-
sociated spheroids and parental cells into subcutaneous 
flank tissue of the mice (four mice per group). After this 
injection, the spheroids generated larger size tumors than 
did the parent cells (Fig. 1c). Overall, these results provide 
evidence that isolated spheroid-forming cells exhibit stem-
like properties in gastric cancer cell lines.

Fig. 1  Isolation of spheroid-forming cells and evaluation of the can-
cer stem-like phenotypes. a Soft agar colony-forming assay of SNU-
638 parent and spheroid cells, and statistical analysis. 2000 cells/dish. 
Day 20. b Transwell invasion assays of SNU-638 parent and spheroid 
cells. Cell invasion ability was calculated by counting cells per field. 

c The growth curves showed that spheroids (S) resulted in a marked 
increase in tumor volume compared with the parent (P) group. The 
error bars represent SD. Scale bar = 100 µm. **p < 0.01, compared to 
the parent group (n = 3)

http://www.cbioportal.org
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Isolation of spheroid‑forming cells from both types 
of gastric cancer cell lines

Six intestinal-type and five diffuse-type gastric adenocarci-
noma cell lines were selected to represent the Lauren clas-
sification. These lines were cultured to grow as spheroids, as 
described earlier. In the diffuse-type cell lines, SNU-484 and 
SNU-638 formed round spheroids with clear boundaries in 
several microwells (Fig. 2a). The spheroids were propagated 
to the same morphology when they were enzymatically and 
mechanically separated into single cells and seeded onto 
new microwell plates. However, all MKN-45 and SNU-601 
cells formed loosely adherent cell clusters that could be 
easily dispersed by pipetting. These cell clusters were not 
considered appropriate spheroid-forming cells. In addition, 

the SNU-668 cells did not form spheroids. In the intesti-
nal type, only the MKN-28 and NCI-N87 cell lines formed 
spheroids and could be propagated with further subcultur-
ing (Fig. 2a). In contrast, the MKN-1, SNU-216, SNU-719, 
and AGS lines did not form spheroids. Therefore, SNU-484, 
SNU-638, MKN-28, and NCI-N87 cell lines were chosen 
for further studies.

Comparison of stemness gene expressions 
in both histological types of spheroid‑forming cells

Many studies have demonstrated that spheroid-forming cells 
were found to be enriched for cells with stem-like charac-
teristics such as upregulation of three stem cell-specific 
transcription factors (OCT4, SOX2, and NANOG) [30, 31]. 

Fig. 2  Different characteristics of spheroid-forming cells in gastric 
cancer cell lines. a Isolation of single cell-derived spheroid cells of 
human gastric cancer cell lines included in the study. Microscopic 
images of spheroid culture after 2  weeks (×40 magnification, scale 
bar = 100  µm). b mRNA expression of stemness markers in sphe-

roid cells as measured by qRT-PCR. Each data point represents the 
mean of three replicates. Error bars represent SD. Expression levels 
were normalized to that of GAPDH. c, d Western blot analysis of 
stemness proteins and CD44; beta-actin was used as a loading con-
trol. **p < 0.01, *p < 0.05, compared to the parent group (n = 3)
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We examined whether the stemness gene expression differed 
across histological types of spheroid-forming cells. We first 
examined the levels of stemness gene expression in the two 
Lauren intestinal types and two Lauren diffuse types grown 
as monolayers or as spheroids. In the SNU-638 diffuse 
gastric cancer cell line, there were significantly increased 
mRNA levels of OCT4, SOX2, and NANOG in spheroid 
cells compared to those in parental cells (Fig. 2b). Consist-
ent with these results, the protein levels of SOX2, but not 
OCT4 and NANOG were increased in spheroids (Fig. 2c). 
The transcription levels of SOX2 and NANOG in SNU-484 
spheroids were higher than parental cells (Fig. 2b). And 
those protein expression levels in SNU-484 spheroids were 
increased compared to the parental cells (Fig. 2c). However, 
these levels in the intestinal type (MKN-28 and NCI-N87) 
were comparable between spheroid cells and parental cells. 
The expression of SOX2 increased when cells were grown 
to spheroids, particularly in the spheroid-forming cells of 
diffuse-type cell lines (SNU-638 and SNU-484).

CD44 expression has also been described to produce 
stem-like properties [10, 32]. Following separation of 
spheroid-forming cells, we found that CD44 expression 
increased in the diffuse type but not in intestinal type of 
cancer (Fig. 2d). The CD44 variant isoform expression 
was significantly elevated in SNU-638 spheroids, whereas 
CD44 standard isoform expression was elevated in SNU-484 

spheroids. These results suggest the existence of a distinct 
malignant pathway for the diffuse and intestinal types of 
spheroid-forming cells in gastric cancer. Among the genes 
investigated, we selected SOX2 as an outstanding candidate 
gene that can potentially maintain self-renewal capability in 
diffuse type spheroid-forming cells.

Identification of differential gene expressions 
between intestinal and diffuse types 
of spheroid‑forming cells

According to the TCGA subtype of gastric cancer, GS 
tumors, which are commonly seen in diffuse histology, 
exhibited elevated expression of cell adhesion molecule. 
In addition, CIN tumors, which are commonly found on 
intestinal histology, develop their key features as a result of 
genomic amplification of receptor tyrosine kinases (RTKs). 
Therefore, we decided to examine the changes in expression 
of major RTK proteins and EMT-related proteins, which are 
correlated with cell adhesion and cell–cell junction.

We first examined the EMT- and RTK-related protein 
expression in parental and spheroid cells from four gastric 
cancer cell lines. Using immunoblot analysis, we found 
that the SNU-638 and SNU-484 diffuse-type spheroid 
cells had higher expression of E-cadherin than did paren-
tal cells (Fig. 3a). MKN-28 and NCI-N87, two intestinal 

Fig. 3  The major protein 
expression related with EMT 
and RTKs in parental and 
spheroid cells from four gastric 
cancer cell lines. a Western 
blot analysis of EMT-related 
proteins. b Western blot analy-
sis of RTK-related proteins. 
Beta-actin was used as a loading 
control
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type spheroid cell lines, exhibited a higher expression 
of ERBB3 than did parental cells (Fig. 3b). In contrast, 
there were no differences in MET and EGFR expression 
between parental cells and spheroid cells. However, NCI-
N87, in which the ERBB2 gene is highly amplified and its 
protein product is expressed at very high levels as previ-
ously reported [33]. These data suggest that E-cadherin 
plays an important role in the maintenance of diffuse-type 
spheroid-forming cells. Similarly, ERBB3 might play a 
critical role in intestinal-type spheroid-forming cells.

Growth inhibition of spheroid cells in diffuse 
type by downregulation of SOX2 and E‑cadherin 
expression

To investigate the effects of SOX2 and E-cadherin on sphe-
roid cell growth and anchorage-independent growth, we sup-
pressed target gene expression using a Tet-inducible shRNA 
hairpin construct. Inhibition of SOX2 and E-cadherin proteins 
was observed on doxycycline-induced shRNA knockdown 
(Fig. 4a). Depletion of SOX2 and E-cadherin in SNU-484 
and SNU-638 diffuse-type cells potently inhibited spheroid 
growth, resulting in decreased spheroid size and numbers 
(Fig. 4b–d). As previously described, the SNU-638 cell line 

Fig. 4  Knockdown of SOX2 and E-cadherin decreased the growth of 
diffuse-type spheroid-forming cells. a Immunoblot showing reduction 
in SOX2 and E-cadherin protein after doxycycline (doxy) treatment 
(72 h, 500 ng/mL) of SNU-638 and SNU-484 cells stably transduced 
with inducible shRNA. b Representative images of spheroid-form-
ing cells induced with doxycycline in microwell plates and allowed 
to form spheroids for 14  days. Nontargeting scrambled (shScr) was 

included (×40 magnification, scale bar = 100  µm). c Number of 
spheroids was quantified with diameters larger than 75 µm. d Sphe-
roid diameter was measured on a spheroid image. e Soft agar assay 
of SNU-638 cells with or without doxycycline treatment. The graph 
represents the mean number of colonies ± SD. from experiments per-
formed in triplicates. **p < 0.01, *p < 0.05, compared to the parent 
group (n = 3)
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did not show tumorigenic ability. We further investigated 
SOX2 and E-cadherin silencing on anchorage-independent 
growth by assessing colony formation on soft agar. Soft agar 
is the gold standard assay for cellular transformation in vitro 
[34]. Subsequently, we observed that doxycycline-induced 
SOX2 knockdown significantly reduced the number of colo-
nies on soft agar compared to that of the controls (Fig. 4e). 
Conversely, E-cadherin depletion on the soft agar assay led to 
increased number of colonies in the SNU-638 cell line. The 
SNU-484 cell line did not allow colony formation in the soft 
agar assay, even after 40 days of incubation in both parent 
and spheroid cells. These results indicate that SOX2, but not 
E-cadherin, plays an important role in anchorage-independent 
growth in diffuse-type spheroid-forming cells.

Reducing ERBB3 expression decreased 
tumorigenicity of intestinal‑type spheroid cells

We generated a cell line with tet-inducible shRNA to explore 
the function of ERBB3 in intestinal-type spheroid-forming 
cells (Fig. 5a). As expected, spheroid growth in MKN-28 
and NCI-N87 cells was significantly inhibited by inducible 
knockdown of ERBB3, resulting in decreased spheroid size 
and numbers (Fig. 5b–d). We also evaluated the effect of 
depleting ERBB3 in intestinal-type spheroid cells. Similarly, 
ERBB3 knockdown resulted in significant inhibition of col-
ony formation in the intestinal-type spheroid cells (Fig. 5e).

To determine whether ERBB3 knockdown could sup-
press tumor growth, we inoculated mice with MKN-28 and 
NCI-N87 cells expressing inducible ERBB3 shRNA. When 
the xenograft tumors reached a volume of 100 mm3, the 
mice were randomly divided into two groups and treated 
with doxycycline or standard water supply for 21 days. 
The doxycycline-treated tumors grew more slowly than the 
untreated tumors. After 3 weeks, the doxycycline-treated 
tumors harbored decreased tumor cellularity compared to 
that of the untreated tumors (Fig. 6a, b, d). Immunohisto-
chemistry confirmed decreased levels of ERBB3 and Ki67, 
and lower cell survival in resected tumors treated with doxy-
cycline compared to those in untreated tumors (Fig. 6d). In 
addition, the tumors isolated from the treated group had not 
only reduced ERBB3 expression, but also lower phosphor 
Akt expression than the untreated group. These results sug-
gest that ERBB3 plays a role in tumor growth through the 
Akt pathway (Fig. 6c). These data revealed that targeting 
ERBB3 has an in vivo antitumor effect in intestinal-type 
spheroid-forming cells.

Validation of ERBB3 gene alterations and clinical 
significance in a public dataset

ERBB3 expression is critical for tumor growth (in the 
xenograft model) in intestinal-type spheroid-forming cells. 

Therefore, we further analyzed its effect on clinical out-
comes of 290 gastric cancer tissues via cBioPortal [35]. 
We observed that intestinal-type gastric adenocarcinoma 
exhibited a high frequency of genetic alterations of ERBB3 
(23.8%, 46/193) (Fig. 7a). However, in diffuse-type gastric 
adenocarcinoma, those gene alterations were uncommon, 
with a rate of 5.9%, 4/67. Furthermore, ERBB3 amplifica-
tion was only observed in intestinal-type gastric adenocar-
cinoma. In addition, missense ERBB3 mutations (unknown, 
putative driver) had high scores in functional analysis 
through the hidden Markov model prediction and were con-
sidered ‘pathogenic’ [36] (data not shown). The ERBB3 
mRNA expression was significantly greater in the intestinal 
type than in the diffuse-type group (Fig. 7b).

We next analyzed the association between gene alteration 
and patient outcome. The Kaplan–Meier survival analysis 
demonstrated that high level of ERBB3 was strongly associ-
ated with poor prognosis in gastric cancer (Fig. 7c) in the 
intestinal type, but not in the diffuse type (data not shown). 
High ERBB3 expression was associated with poor survival 
in gastric adenocarcinoma, suggesting that it plays an impor-
tant role in intestinal-type tumor development and can pre-
dict clinical outcomes.

Discussion

Although important advances have been made in the molec-
ular classification of gastric cancer, there are still limited 
therapeutic options for this malignancy. Because of the 
different clinical and histological characteristics of gastric 
cancer subtypes, it is important to identify new therapeutic 
targets for future clinical approaches in cancer treatment.

The aim of this study was to investigate whether sphe-
roid-forming cells possess different characteristics based on 
subtype. For this purpose, we employed spheroid-forming 
methods that have been widely used as powerful tools for 
isolating self-renewal cells. However, the conventional sphe-
roid bodies themselves display marked cellular heterogene-
ity; therefore, experiments using spheroids should be inter-
preted as studies of mixed cell populations [37]. Therefore, 
we used a microwell-based culture chip, which is the most 
suitable approach for isolating more homogeneous spheroid-
forming cells from a single cell [25].

This study demonstrated that spheroid-forming gastric 
cancer cells showed differential gene expressions depend-
ing on histological type. These results correspond with the 
findings of earlier studies, which showed that SOX2 is a 
stem cell-related gene in many solid cancers and correlates 
with the clinicopathologic factors in gastric cancer [38–40]. 
However, our results are also different from other previous 
studies. We observed increased expression level of SOX2 
in the diffuse type of spheroid-forming cells, but not in 
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the intestinal type. Likewise, CD44, which is the most fre-
quently reported cell surface marker for gastric CSCs, only 
demonstrates an increased expression in the diffuse type. 
These results support our hypothesis that spheroid cells may 
have different characteristics according to histological type. 
Therefore, we additionally investigated differently expressed 
genes linked to histological type.

E-cadherin is one of the cell surface molecules that func-
tions with calcium-dependent adhesion [41]. Low E-cad-
herin expression in gastric cancer tissue suggests that it plays 

a critical role in cancer development and progression [42]. 
In addition, CDH1 mutations are considered to be com-
mon somatic alterations in diffuse gastric cancer [43]. In 
our analysis, increased expression of E-cadherin appeared 
to correlate with the diffuse type of spheroid cells, but now 
with the intestinal type. There are similar reports that sphe-
roid-forming ability depends upon E-cadherin expression 
[44]. Therefore, we presume that increased expression of 
E-cadherin might be related to the ability to grow as sphe-
roids in SNU-638 and SNU-484 cells.

Fig. 5  ERBB3 knockdown diminished the growth of diffuse-type 
spheroid-forming cells. a Immunoblot showing reduction of ERBB3 
protein after doxycycline (doxy) treatment (72  h, 500  ng/mL) in 
MKN-28 and NCI-N87 cells stably transduced with inducible 
shRNA. b Representative images of spheroid-forming cells induced 
with doxycycline in microwell plates and allowed to form spheroids 
for 14  days (×40 magnification, scale bar = 100  µm). Nontarget-

ing scrambled (shScr) was included. c The number of spheroids was 
quantified using diameters larger than 75  µm. d Spheroid diameter 
was measured on a spheroid image. e Soft agar assay of MKN-28 and 
NCI-N87 cells with or without doxycycline treatment. Graph shows 
the mean number of colonies ± SD from experiments performed in 
triplicates. **p < 0.01, *p < 0.05, compared to the parent group (n = 3)
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ERBB3 plays an important role in various cancer prolifer-
ation and survival of various cancer types [45]. ERBB3 does 
not possess a functional kinase activity at its cytoplasmic 

domain. Therefore, it depends on dimerization with other 
ERBB members to produce a downstream signal [46]. 
ERBB3 overexpression is strongly associated with tumor 

Fig. 6  Inducible Tet-mediated ERBB3 ablation decreases tumor 
growth. a Balb/c nude male mice were treated with doxycycline 
for 21  days (1  mg/mL in drink water) until the tumor surpassed 
100 mm3. Tumor volume was measured twice weekly. Values shown 
represent the average SD. p values were calculated using Student’s 
t test, N = 4. **p < 0.01, *p < 0.05, compared to the parent group 
(n = 4). b Image of tet-shERBB3 tumor samples resected from mice 
in each group. c Lysates made from two tumors isolated from con-

trol and doxycycline-treated tumor-bearing-independent mice were 
subjected to immunoblotting. d H&E analysis of tumors treated with 
doxycycline for 21  days demonstrate decreased tumor cellularity. 
ERBB3, Ki67, and cell survival were all lower in doxycycline-treated 
samples compared to those of untreated samples. TUNEL analysis 
revealed increased cell death in doxycycline-treated tumors compared 
to that of untreated samples (×20 magnification, scale bar = 100 µm)
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progression and poor prognosis in patients with gastric can-
cer [47]. Moreover, expression of ERBB3 was more fre-
quently observed in the intestinal type than it was in the 
diffuse type [48]. The clinical relevance of the gastric cancer 
subtypes with distinct gene expression patterns is supported 
by the finding of increased ERBB3 expression in the intes-
tinal type and in spheroid-forming cells. In this regard, it 
will be interesting to compare the classification to Lauren’s 
histological subtypes. In our analysis, patients stratified by 
Lauren’s histological subtype from a public data set had 
significantly different survival outcomes. Our data suggest 
that classification using spheroid-forming method might not 
only provide prognostic or predictive value, but also suggest 
therapeutic targets.

To demonstrate whether ERBB3 downregulation can sup-
press tumor growth, we attempted to directly inhibit ERBB3 
in spheroid-forming MKN-28 cells. Knockdown of target 
genes in the spheroid cells using lentiviral particles contain-
ing pLKO anti-ERBB3 shRNA and shCont did not gener-
ate tumors when inoculated subcutaneously into nude mice. 
To explain this result, we hypothesized that the decreased 
tumorigenic ability in spheroid-forming MKN-28 cells may 
be toxic to the xenograft model. Therefore, we applied stable 

cell and conditional shRNA expression systems to knock-
down ERBB3 in the MKN-28 and NCI-N87 xenograft tumor 
model. For this reason, the xenograft model is limited in 
its evaluation of the direct efficacy of ERBB3 downregula-
tion in spheroid cells. However, we also found that ERBB3 
downregulation (using inducible ERBB3 shRNA) led to 
slower tumor growth in the treated group compared to that 
of the control group. These findings imply that downregula-
tion of ERBB3 plays a role in inhibition of tumor growth in 
the intestinal-type MKN-28 and NCI-N87 cell lines. Ulti-
mately, these findings were obtained using isolated cell lines. 
Future studies are needed to substantiate these findings using 
spheroid-forming cells from primary tissue.

Conclusion

Our results suggest that the candidate target gene expres-
sion pattern of spheroid-forming cells is closely related to 
the cancer histological type. These data contribute to under-
standing of the characteristics of each subtype of spheroid-
forming cells in gastric cancer and suggest target genes for 
its treatment.

Fig. 7  ERBB3 has worse prognosis value in intestinal-type gastric 
cancer. a OncoPrint of ERBB3 genetic alteration in 290 gastric can-
cer samples based on TCGA data. b Box plot showing the association 
between mRNA levels and gene amplification. The horizontal line 
within the box indicates the median. Boundaries of the box indicate 
the 25th and 75th percentiles. The whiskers indicate the highest and 

lowest values of the results. c Five-year overall survival graphs of 
intestinal-type gastric cancer based on ERBB3 expression. Using a 
publicly available database (KM plotter; http://www.kmplo t.com), a 
total of 320 patients were intestinal type; probe = 1563253_s_at; Log-
rank p values were calculated in kmplot database

http://www.kmplot.com
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