@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

ONCOLOGY LETTERS 16: 5179-5185, 2018

Characterization of an orthotopic gastric cancer
mouse model with lymph node and organ
metastases using bioluminescence imaging
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Abstract. Lymph node (LN) metastasis of gastric cancer (GC)
is the strongest prognostic indicator for this disease; however,
the majority of the LN metastasis profiles of GC remain
unknown, which notably hinders the therapeutic efficacy in
clinic. In the present study, an orthotopic model of human GC
was established for investigation of time-dependent LN metas-
tasis patterns in mice. Luciferase-expressing NCI-N87 human
GC cells were injected into the subserosa of the gastric body,
resulting in a tumor formation rate of 100%. LN metastasis
at four different anatomical positions in the abdomen were
characterized until week 10 after tumor cell injection using
sensitive bioluminescence imaging and histopathological
analyses. Skip LN metastases were observed at later stages
(weeks 8-10) of the experiment. Metastases in other major
organs, including liver, spleen and lung, were also examined.
Characterization of this orthotopic GC model and metastasis
patterns in LNs and major organs should aid in the preclinical
GC research regarding the metastatic mechanism and drug
development.
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Introduction

Gastric cancer (GC) is the fourth most common cancer type
and the second leading cause of cancer-induced mortality
worldwide (1). Lymph node (LN) metastasis is the primary
spread route and considered the strongest prognostic indicator
of GC (2). Even for patients with early stage GC, the frequency
of LN metastasis is estimated to be up to 20% (1).

Adequate surgical resection is considered the most favor-
able therapeutic option for GC (3-5). For this procedure,
complete resection of the primary cancer with tumor-free
surgical margins of =4 cm and adequate lymphadenectomy
are required. D2 lymphadenectomy [perigastric (D1) plus
coeliac artery and its branches] is generally recommended,
based on associated clinical trials demonstrating the survival
advantages of this surgery type (1,6); however, the postsurgical
morbidity and mortality outcomes are not always acceptable
if the procedures are not performed by experienced surgeons.
Additionally, surgeons in Western countries, including USA,
UK and the Netherlands prefer using conservative DO or D1
resection or modified D2 resection (without routine pancre-
atectomy and splenectomy) due to the negative results of two
earlier randomized trials comparing D1 and D2 resection
from the UK and the Netherlands (1,6,7). These differences
in lymphadenectomy are primarily attributable to respective
history-based clinical experience and comprehensive evalua-
tion of the benefits and risks of the procedure.

Precise resection of the LN with metastasis, while sparing
healthy nodes, should present the most reliable criteria. This
approach not only allows the removal of tumor cells in vivo
as thoroughly as possible, in order to prevent relapse, but also
avoids excessive lymphadenectomy, which notably affects the
benefits to patients; however, the majority of LN metastasis
patterns of GC remain unknown. Previous studies indicated
that LN metastasis patterns in GC are notably complex,
due to aberrant lymphatic drainage patterns with frequent
occurrence of skip LN metastasis (8,9). Micrometastases
or isolated tumor cells in the LN increase the challenge of
treating GC (2).
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Limited preclinical studies have focused on LN metastasis
in GC to date (10-12). Furthermore, previous studies only
reported the frequency of LN metastasis and did not highlight
the anatomic positions of metastatic LNs. Clarification of the
mechanisms underlying LN metastasis of GC may also be of
significant value in directing clinical practice.

In the present study, an orthotopic human GC model was
established in nude mice with luciferase-expressing NCI-N87
human GC cells. Cells were carefully injected into the subse-
rosa of the gastric body, following which tumors formed
and grew. Tumor development and metastasis in the LN and
other major organs were monitored with the aid of sensitive
bioluminescence imaging. The patterns of LN metastasis at
four anatomic positions in the abdominal cavity were further
characterized.

Materials and methods

Cell line and mouse experiments. The luciferase-expressing
human GC cell line NCI-N87-Luc was obtained from Shanghai
Biomodel Organisms Center Co., Ltd. (Shanghai, China).
Cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum and anti-
biotics (100 mg/ml streptomycin and 100 U/ml of penicillin)
(all from (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
at 37°C in a humidified incubator with 5% CO,.

A total of 100 female BALB/c nude mice (4-5 weeks old,
~20 g) were provided by the Shanghai Laboratory Animal
Center (Chinese Academy of Sciences, Shanghai, China).
The mice were fed in a specific pathogen-free environment
at room temperature, with free access to food and water and
12:12 h light/dark cycle. The animal experiment designed in
the present study was approved by the ethical committee of
Shanghai Jiao Tong University School of Medicine (Shanghai,
China).

Orthotopic injection of NCI-N87-Luc cells. The orthotopic
injection technique was performed using a previously
reported method (13). The mouse abdomen was opened via
a midline incision under aseptic conditions, and the stomach
was exteriorized. A volume of 40 ul DMEM containing
5x10° NCI-N87-Luc cells was injected into the subserous layer
of the middle of the stomach using a 100 ul syringe and 30G
needle. A cotton swab was pressed against the injection site
for =20 sec to prevent tumor cell leakage into the peritoneal
cavity. Subsequently, the stomach was returned to the perito-
neal cavity, and peritoneum and skin sutured sequentially. The
feasibility of the injection method was confirmed using trypan
blue as an indicator, which demonstrated an accurate location
of the injected dye in the subserosa of the gastric wall.

Bioluminescence imaging of orthotopic tumor growth and
metastasis. Female BALB/c nude mice (4-5 weeks old) were
used for animal studies. At 4, 6, 8 and 10 weeks after tumor
cell injection, mice (n=5) were intraperitoneally injected with
200 pl D-luciferin solution (150 mg/kg body weight, J&K
Scientific Ltd, Shanghai, China). Subsequently, mice were
anesthetized with 2% isoflurane, and at 8 min after D-luciferin
injection, placed in the Xenogen IVIS 200 (PerkinElmer, Inc.,
Waltham, MA, USA) chamber with right lateral recuambency
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for bioluminescence imaging of the orthotopic NCI-N87-Luc
tumor according to the manufacture's protocols. Body
weights of mice were recorded weekly throughout the test. To
detect metastasis in LN and other major organs at different
time points, mice (n=5) were sacrificed by cervical vertebra
dislocation between week 3 and 10. LNs at four anatomical
positions in the abdomen (14), including gastric LN (GLN),
pancreaticoduodenal LN (PLN), mesenteric LN (MLN) and
lumbar LN (LuLN), and other major organs, including the
heart, liver, spleen, lung and kidney, were excised for ex vivo
bioluminescence imaging. A metastasis heat map was gener-
ated using GraphPad Prism 7 software (GraphPad Software,
Inc., La Jolla, CA, USA).

Histopathological assay. Excised LN and organs were fixed
in 4% paraformaldehyde at room temperature overnight,
embedded in paraffin and cut into 4 ym sections. Subsequently
the sections were stained with hematoxylin for 3 min and eosin
for 2 min at room temperature. The sections were observed
and photographed under upright metallurgical microscope
with digital image capturing system (DP50; magnification,
x40 or x200; Olympus Cooperation, Tokyo, Japan).

Statistical analysis. Data analysis was conducted with the
GraphPad Prism 7.0 software (GraphPad Software, Inc., La
Jolla, CA, USA). The quantified time-dependent biolumines-
cence signal of the tumors and also the mouse body weight are
presented as mean + standard deviation.

Results

Establishment and characterization of an orthotopic model of
GC. Trypan blue dye was used to confirm the reliability of the
injection technique (Fig. 1A). Following the NCI-N87-Luc cell
injection, a small white plaque was observed under the serosa
of the gastric body (Fig. 1B). The cells formed an orthotopic
tumor, which was detected via sensitive bioluminescence
imaging (Fig. 1C). Tumors on the gastric wall were observed
following opening the abdomen (Fig. 1D) or directly from the
resected stomach (Fig. 1E). Ex vivo bioluminescence imaging
highlighted the tumor position in the stomach (Fig. 1F).
Histopathological assays further confirmed tumor formation
and anatomical location of subserosa (Fig. 1G). All mice
receiving this treatment grew tumors on the stomach, estab-
lishing a 100% success rate of the model.

Bioluminescence imaging of the growth of orthotopic gastric
tumors. The growth of stomach tumors was monitored via
bioluminescence imaging (Fig. 2A). Quantification of biolu-
minescence intensity demonstrated the time-dependent tumor
growth until week 10 after tumor cell injections (Fig. 2B).
During the same time-period, the body weight of the mice
increased in the first 7 weeks. However, subsequent to week 7
the body weight of the mice declined (Fig. 2C), suggesting the
involvement of harmful gastric tumors in the deterioration of
the mice's health.

LN metastasis in the abdomen. Firstly, the four anatomical
positions of LNs (GLN, PLN, MLN, and LuLN) were identified
in the abdomen (Fig. 3A-C). H&E staining further confirmed
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Figure 1. Establishment of an orthotopic model of gastric cancer. (A) Trypan blue was used as an indicator to demonstrate that the injection of NCI-N87-Luc
cells into the gastric wall was feasible. It can be observed that the dye was located under the serosa. (B) Orthotopic tumor cell injections. A small white plaque
was observed under the serosa of the gastric body. (C) At day 14 after tumor cell injection, bioluminescence imaging demonstrated the formation of the ortho-
topic tumor. (D) The ex vivo view of the stomach with the tumor following the abdomen being opened. (E) The excised stomach with the tumor. (F) Ex vivo

bioluminescence imaging at day 20 after tumor cell injection. (G) Hematoxylin and eosin staining of the stomach with the gastric tumor. The malignant lesion
of the tumor was circled with the yellow dashed line.
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Figure 2. In vivo bioluminescence imaging of the orthotopic gastric tumor growth. (A) The NCI-N87-Luc cells were injected into the subserosa of the gastric
wall. At week 4, 6, 8 and 10 after injection, the mice (n=5) were imaged to observe the growth of the tumors. (B) The quantified bioluminescence signal
demonstrated the time-dependent growth of the tumor. (C) Body weight observation.

the presence of LNs, and not adipose tissues or omentum, at  from weeks 3-10 were summarized in a heat map (Fig. 4B).
these positions (Fig. 3D). Histopathological examination with bioluminescence imaging

From week 3, LNs of mice (n=5) were resected for further confirmed the presence of metastatic tumor cells in the
ex vivo bioluminescence imaging to investigate the metas-  LNs (Fig. 4C). This demonstrated that no metastasis occurred
tasis patterns (Fig. 4A). The overall LN metastasis patterns  in the LN at week 3 and 4. At week 5, GLN of one mouse was
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Figure 3. Identification of LNs at different anatomical position in the abdomen. (A) Schematic anatomical positions of the LNs (GLN, PLN, MLN and LuLN)
detected in the present study. At 10 weeks after tumor cell injection, the LNs at various positions were indicated following (B) exploratory laparotomy, and
(C) then were excised and arranged on clean paper. The LNs were indicated with yellow circles. (D) Hematoxylin and eosin staining of the resected LNs
at different positions. L, liver; S, stomach; I, intestine; Ce, cecum; K, kidney; LN, lymph nodes; GLN, gastric LN; PLN, pancraticoduodenal LN; MLN,

mesenteric LN; LuLLN, lumbar LN.

positive for metastasis, based on the bioluminescence signal.
At week 6, metastasis was observed at PLN, MLN and LuLN
in one mouse, indicating distant spreading. From weeks 7-9,
metastasis occurred in a greater number of mice and spread
into LNs at various anatomical positions. At week 10, all tested
mice exhibited positive bioluminescence signals in LNs. It is
also notable that the metastasis frequency for GLN, MLN and
LuLN decreased from 40% at week 7 to 20% at week 8. This
phenomenon may be ascribed to the individual differences
of the mice at each week, which may be avoided if a greater
number of animals (n>5) were examined at each time point.
Additionally, it can be concluded, though this observation, that
the metastasis frequency for GLN, MLN and LuLN varied in
the range of 20-40% in this duration.

Major organ metastasis. Organ metastasis was observed at
week 5 (the same time as LN metastasis). One mouse exhibited
metastasis to the liver and one to the spleen (Fig. 5); however,

the bioluminescence signals detected were weak, indicating
the metastasis of only a small number of tumor cells. From
weeks 6-10, the spleen and liver remained the primary meta-
static organs. Lung metastasis was only observed in one mouse
at week 7. It also demonstrated a liver metastasis frequency of
20% at week 5 and 6, which reduced to 0% at week 7 and 8. It is
notable that the observations at each week were from different
mice. If a greater number of animals (n>5) were included for
each week, the influence of animal individual differences on
the metastasis frequency may be avoided. These observations
also indicated that the liver metastasis were not frequent in the
first 8 weeks in the present model.

Discussion
Treatment of GC primarily depends on the management of LN

metastasis; however, unique metastasis patterns, such as skip
LN metastasis, cause a notable challenge to effective treatments.
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Figure 4. LN metastasis of orthotopic gastric cancer model. From weeks 3-10, mice (n=5 for each week) were sacrificed, and the LNs (1, GLN; 2, PLN; 3, MLN;
and 4, LuLN) were resected for metastasis detection. Note that the images presented for each week are not from the same mouse. (A) LNs metastasis detected
using the bioluminescence imaging. Each black rectangle indicates the LNs of one mouse. The red rectangles indicated the identified metastatic LNs. (B) The
time-dependent metastasis frequencies of LNs at different sites were summarized in the heat map. (C) Hematoxylin and eosin staining of the resected metastatic
GLN after 6 weeks. L, lymphocyte; T, tumor cells; LN, lymph nodes; GLN, gastric LN; PLN, pancraticoduodenal LN; MLN, mesenteric LN; LuLN, lumbar LN.

Micrometastasis and isolated tumor cells in regional LNs
also pose a serious threat to prognosis. The complex profile
of LN metastasis of GC remains largely unknown, which is
partially responsible for the controversy regarding the range
of lymphadenectomy. Previous preclinical studies have been
limited to the time-dependent frequency of LN metastasis
in GC (12,13,15). However, to the best of our knowledge, no
studies have been conducted regarding LN metastasis patterns
at specific anatomical positions, which may be beneficial for a
surgeon to perform precise surgery.

In the present study, an orthotopic GC model was estab-
lished via injection of NCI-N87-Luc cells into the subserosa of
the gastric body of nude mice. The present method appeared
to be reliable and reproducible, resulting in a tumor forma-
tion rate of 100%. Additionally, the present procedure could
overcome the risk of tumor cells shedding into the peritoneal
cavity, which occurs with other methods, including fixing the
donor tumor fragment into the recipient gastric wall using
tissue adhesive (15). The metastasis was identified using the
sensitive bioluminescence imaging, which can detect 100

tumor cells in vitro (data not shown) and avoid the false nega-
tive results when performing traditional serial sectioning and
histopathological examinations (2). It demonstrated that there
was no detectable metastasis at week 3 and 4 in LNs and the
major organs (Figs. 4 and 5), indicating that the metastasis was
probably from the primary GC, which requires a long time for
the tumor cells to colonize and form detectable foci.

The time-dependent metastasis patterns in the four LN
positions (GLN, PLN, MLN and LuLN) in the abdomen
were characterized. As expected, the frequency of metas-
tasis increased with time following tumor cell injection.
Notably, skip metastasis was observed in mice at the later
stages (weeks 8-10) of the experiment period, demonstrating
a discontinuous spread of malignancy in the LN, providing
further evidence of the complexity of LN metastasis in GC.

The frequency and extent of metastasis in major organs
other than LN was significantly reduced, which may be
partially attributed to the well-differentiated property of
NCI-N87 cells. Further studies are warranted to investigate the
metastatic behavior of orthotopic poorly-differentiated gastric
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Figure 5. The metastasis in major organs of the gastric cancer mice model. From week 3-10, mice (n=5 for each week) were sacrificed and the major organs,
including the heart, liver, spleen, lung and kidney, were resected for metastasis detection. Note that the images presented for each week are not from the
same mouse. (A) The metastases were detected using the bioluminescence imaging. The red rectangles indicated the identified metastatic organs. Each row
represents one mouse. (B) The time-dependent metastasis frequencies in the major organs were summarized in the heat map.



tumor types, including the AGS (16,17) and MKN-45 (18,19)
cell lines, or tumor types with diverse molecular classifica-
tions, including HER2-positive cancer types (1,20).

In conclusion, GC metastasis in LNs and major organs
was characterized with the aid of an established orthotopic
mouse model. Time-dependent metastasis patterns at different
anatomical positions in the abdomen are presented. The
present model with characterized LN and organ metastasis
may be effectively used for preclinical GC research regarding
the metastatic mechanism and drug development.
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