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Background: Murine bone marrow-derived myofibroblasts (BMFs) have previously been 
shown to promote gastric cancer growth. However, whether BMFs promote gastric cancer 
cell metastasis remains largely unknown.
Methods: Wound healing assay, Transwell invasion and migration assay and 3D organo-
typic co-culture systems were conducted to study the effects of BMFs on invasion and 
migration of gastric cancer cells and the invasion and migration ability of gastric cancer stem 
cell-like cells (CSC-LCs) induced by BMFs. We employed two animal model to study the 
role of BMFs on the in vivo metastasis of gastric cancer cells and the metastatic ability of 
gastric BMF-induced CSC-LCs. A human gastric cancer tissue microarray and TCGA gastric 
cancer database were analysed to study the relationship between the expression of IL-6 and 
TGF-β1 and clinicopathological characteristics and survival in gastric cancer.
Results: We found that BMFs promoted the in vitro migration and invasion of gastric cancer 
cells. BMFs promoted liver, lung, subcutaneous, and splenic metastases of MKN28 cells in 
the spleen injection liver metastasis model and co-injection of caudal vein (IOCV) mouse 
model. BMFs reprogrammed non-gastric cancer stem cell (CSC) to CSC-LCs and enhanced 
CSC-LC migration and metastasis. BMF-derived IL-6 and gastric cancer cell-secreted TGF- 
β1 mediated the interaction between BMFs and gastric cancer cells, promoting tumour 
metastasis. BMFs enhanced the expressions of STAT3 and p-STAT3 in co-cultured gastric 
cancer cells. A combination of Napabucasin and Galunisertib exhibited the strongest inhibi-
tion of cell migration compared to when administered alone. Gastric cancer tissue array and 
TCGA database indicated that the overexpression of IL-6 and TGF-β1 was associated with 
gastric cancer metastasis.
Conclusion: Our results demonstrated that BMFs promote gastric cancer metastasis through 
the activation of the TGF-β1 and IL-6/STAT3 signalling pathways. Targeting the inhibition 
of these interactions may be a potent therapeutic strategy for addressing gastric cancer 
metastasis.
Keywords: bone marrow-derived myofibroblasts, gastric cancer, metastasis, IL-6, TGF-β1

Introduction
Gastric cancer is one of the most common cancers and the third leading cause of 
cancer-related death worldwide.1 Most gastric cancer patients are diagnosed at an 
advanced stage with distant metastasis.2 Although the past few decades have seen 
a progression in disease diagnosis and treatment, the overall prognosis for patients 
remains poor owing to local relapse and distant metastasis.3 Thus, improved 

Correspondence: Shuiping Tu; Jianzheng 
Wang  
Department of Oncology, Renji Hospital, 
School of Medicine, Shanghai Jiaotong 
University, Shanghai 200127, People’s 
Republic of China  
Tel +862168385623; +16696079698  
Email tushuiping@yahoo.com; 
46962384@qq.com

submit your manuscript | www.dovepress.com OncoTargets and Therapy 2020:13 10567–10580                                                         10567

http://doi.org/10.2147/OTT.S266506 

DovePress © 2020 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy                                                                    Dovepress
open access to scientific and medical research

Open Access Full Text Article

http://orcid.org/0000-0002-2292-3629
http://orcid.org/0000-0001-5730-3019
mailto:tushuiping@yahoo.com
mailto:46962384@qq.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


understanding of the underlying mechanisms that promote 
gastric cancer metastasis will enable the development of 
new treatment strategies.

Gastric cancers are composed of cancer and stromal cells 
that include inflammatory, endothelial, bone marrow-derived 
myeloid cells, and myofibroblasts, such as bone marrow- 
derived myofibroblasts (BMFs).4–6 Myofibroblasts in tumour 
stroma play an important role in cancer progression, includ-
ing promoting metastasis.7,8 Our previous studies have 
shown that BMFs isolated from gastric dysplastic tissue of 
IL-1β transgenic mice contribute to a niche of mesenchymal 
stem cells (MSCs) and promote gastric cancer development.9 

BMFs or BMF-CM induced cancer stem cell-like spheroids, 
clone the formation of gastric and colon cancer cells through 
the activation of the interleukin-6/Janus kinase 2/signal trans-
ducer and activator of transcription 3 (IL-6/JAK2/STAT3) 
pathway, and promote gastric and colon cancer growth.10,11 

We also found that the blockade of TGF-β1 and IL-6/JAK2/ 
STAT3 pathways could inhibit BMF-induced lung cancer 
growth.12 However, whether BMF promotes tumour metas-
tasis remains unknown.

Our previous results indicated that BMFs could repro-
gram non-CSC cells to cancer cells with features of stem 
cells (referred herein as cancer stem cell-like cells, CSC- 
LCs) in gastric cancer cell lines.11 CSCs or CSC-LCs have 
been shown to play a crucial role in tumourigenesis and 
cancer progression in several types of tumours.13,14 These 
CSC-LCs possess the traits of self-renewal and epithelial- 
mesenchymal transition (EMT), and exhibit an increased 
capacity for tumourigenesis and metastasis.15 The CSC- 
LCs also had an increased expression of the metastasis- 
related genes CD10 and KIAA1199,16,17 and a decreased 
expression of metastasis suppressor Kiss-1.18 However, 
there remain large gaps in knowledge regarding the 
mechanisms by which BMFs promote tumour metastasis, 
and the mechanisms underlying the interactions between 
BMFs and cancer cells that lead to the production of CSC- 
LCs and contribute to tumour metastasis.

The interactions between gastric cancer cells and BMFs 
were shown to promote tumour growth through the IL-6/ 
JAK2/STAT3 pathway.11 IL-6 is a dynamic cytokine which 
plays a role not only in immune responses and inflammation, 
but also in various epithelial tumours.19 Another proinflam-
matory cytokine, the transforming growth factor-β (TGF-β), 
is closely related to various cancer activities such as tumour 
onset and migration.20 The JAK/STAT3 pathway is required 
for TGF-β-induced EMT and cancer cell migration and inva-
sion via up-regulation of the expression of p-Smad3 and 

Snail. The IL-6/JAK/STAT3 and TGF-β/Smad signalling 
pathways synergistically enhance EMT in lung 
carcinomas.21 Previously, we demonstrated that BMFs 
could secrete higher levels of cytokines, chemokines and 
growth factors when compared to wild-type fibroblasts and 
possess greater tumour promotion and tumour invasion 
capabilities.9 However, we did not investigate whether 
blocking the related signalling pathways can inhibit BMF- 
induced cell metastasis.

Here, we found that BMFs promoted the invasion and 
metastasis of gastric cancer cells in vitro and in vivo. 
BMFs also reprogrammed non-gastric cancer stem cells 
to CSC-LCs and enhanced tumour metastasis. Targeted 
inhibition of the TGF-β and IL-6/STAT3 signalling loop 
mediated the interactions between BMFs and gastric can-
cer cells. This consequently suppressed BMF-promoted 
gastric cancer metastasis. Our results suggested that the 
targeted suppression of interactions between BMFs and 
cancer cells might be a potent treatment strategy for gastric 
cancer metastasis in the future.

Materials and Methods
Cell Lines and Cell Reagents
Human gastric cancer cell MKN45 (RIKEN, Japan), SGC- 
7901 (Cell Bank, Shanghai), and MKN28 (RIKEN, Japan) 
were maintained in RPMI-1640. BMFs within 12 genera-
tions were used. Napabucasin (STAT3 inhibitor; Cat.No. 
HY-13,919) was purchased from MedChemExpress, and 
Galunisertib (TGFβ receptor I inhibitor; Cat.No. S2230) 
was purchased from Selleck.cn.

Isolation and Culture Cells
Wild type (WT) MFs and BMFs were isolated from the 
stomachs of C57BL/6, IL-1b/aSMA-RFP mice. The sto-
machs were cut into small pieces and incubated with 
collagenase I at 37°C for 1 hour. Characteristic features 
of MFs (abundant myofibrils with dense bodies, indented 
nucleus, basal lamina-like structure, capacity to express 
aSMA, vimentin and laminin) were demonstrated in both 
primary and secondary cultures.

Wound Healing Migration Assay
Viable cells were plated in an Ibidi Culture-Insert. The appli-
cation of 3–7 × 105 cells/mL (70 µL) resulted in a confluent 
layer within 24 h depending on different cell types. Six-well 
culture plates were filled with 2 mL serum-free medium 
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(SFM) or bone marrow derived-fibroblast conditioned med-
ium (BMF-CM).

Wound healing percentage = (initial area - area at 
a certain point in time)/initial area. Within each assay, 
the experiments were performed in triplicates. Data 
shown are representative of at least three independent 
experiments.

Transwell Migration and Invasion Assay
Cell migration and invasion ability were investigated using 
the Transwell assays with modifications. The migration of 
the gastric cancer cells was assayed in Corning Costar 
Transwell chambers (Corning Costar; Transwell 
Permeable Supports, 6.5 mm Insert, 24 Well Plate 8.0 
µm Polycarbonate Membrane). The cell invasion was 
assayed in Corning Matrigel invasion chambers (24-well 
Plate 8.0 Micron). Gastric cancer cells were counted and 
seeded (1 x 105 cells) in to the upper chamber in a final 
volume of 200 μL with SFM, 1 x 105 BMFs were added to 
the lower chamber in a final volume of 500 µL. The 
migrated cells were randomly selected from five fields 
under a 400-fold microscope and counted. Each data 
point is the average number of cells in five random fields, 
and is the mean ± standard deviation (SD) of three indivi-
dual wells.

3D Organotypic Co-Culture System
3D Collagen/Matrigel contained 1 x 105 BMFs or WT- 
MFs cells. After seven days of contraction, 5 × 105 

MKN28 or MKN45 cells were implanted in the upper 
layer of the Matrigel. They were cultured for two days in 
Epidermalisation I medium, followed by Epidermalisation 
II medium for two days, and then in Epidermalisation III 
medium for 6–10 days. 3D collagen/matrix was mixed 
with 10% formalin, embedded in paraffin, and subjected 
to hematoxylin and eosin (H&E) staining. The invading 
cells were counted under a microscope.

Western Blot Analysis
Cancer cells were lysed with the lysis buffer. Protein 
samples were subjected to SDS-polyacrylamide gels elec-
trophoresis. The gels were transferred onto PVDF mem-
branes (Millipore). Cell proteins were extracted and 
subjected to Western blot analysis using anti-STAT3 
(Cat. 9139S) (Cell Signalling Technology), anti-phospho- 
STAT3-Tyr705 (Cat. 76,315) and anti- β-actin (Cat. 
ab6276) (Abcam).

Animal Model for Liver and Lung Tumour 
Metastases
We established an animal model of spleen injection for liver 
metastasis in SCID mice. Animal protocols were approved 
by the Animal Care and Facilities Committee (ACFC) of 
Rutgers, The State University of New Jersey (Protocol No. 
09–050). The “Guide for the Care and Use of Laboratory 
Animals” (NIH) was followed when carrying out these 
experiments. The SCID mice were weighed and then 
divided into two groups of five mice each. Gastric cancer 
cells 0.1 mL 1 x 106 FL-MKN28 (Firefly-luciferase-MKN28 
cell) or 0.1 mL of 1 x 105 FL-MKN45 (firefly-luciferase- 
MKN45 cell) were co-injected with 0.1 mL 1 x 106 BMFs or 
injected separately into mouse spleen. Xenogen IVIS mouse 
imaging system was adopted to detect the formation of liver 
metastases in mice every week.

Animal model of Lung metastasis was established by 
injection of caudal vein gastric cancer cells. Nude mice (5 
Weeks) were weighed and divided into two groups mice 
(n=10) each 0.1 mL of 4 x 106 MKN28 cells were co- 
injected with 0.1 mL of 4 x 106 BMFs or injected alone. 
Mice were euthanised after three months. The pulmonary 
tissue was formalin-fixed and paraffin-embedded; H&E 
staining was performed according to a standard protocol.

Sphere Formation Assay
Stem cell medium (SCM) was a modified RPMI-1640 
medium supplemented with epidermal growth factor 
(EGF; 20 ng/mL), basic fibroblast growth factor (bFGF; 
10 ng/mL), and 0.3% bovine serum albumin (BSA). 
Cancer cells (1 x 104) were cultured either alone or with 
BMFs (1 x 104) in SCM in six-well plates for two weeks.

For the indirect co-culture system, BMFs and cancer 
cells were seeded in the upper Transwell inserts (0.4 μM in 
diameter, Corning) and lower wells in SCM for two 
weeks, respectively. In other experiments, cancer cells (1 
x 102) were seeded in ultra-low attachment 96-well plates 
and incubated with BMF-CM or SCM for two weeks. 
A sphere is considered to be a three-dimensional (3D) 
spherical structure composed of cell colonies. The number 
of spheres in the entire well was calculated, and the 
percentage of total spheres to total seed cells was referred 
to as the “spherical ratio.”

Immunohistochemistry and Tissue Array
The human gastric cancer tissue array was from the Shanghai 
Ruijin Hospital, Shanghai Jiaotong University School of 
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Medicine. The sample included 41 cases of non-metastatic 
and 82 cases of metastatic gastric cancer tissues. This study 
was approved and conducted in accordance with the guide-
lines (the Administration of Human Genetic Resources) of 
the Medical Ethics Committee of Shanghai Jiaotong 
University School of Medicine in China. All enrolled 
patients provided written informed consent at the start of 
the study. Tissue fixation, dehydration, paraffin embedding, 
and immunohistochemical staining was conducted as 
described previously. The sections were incubated with anti- 
IL-6 antibody (Abcam ab6672) and anti-TGF-β1 antibody 
(Abcam, Cat. ab66043) overnight at 4°C. Sample sections 
were incubated with a biotinylated secondary antibody, strep-
tavidin-biotin complex (Dako, Glostrup, Denmark) and dyed 
with diaminobenzidine. Serial sections of mouse lung metas-
tasis were incubated with anti-TGF-β1 antibody (GB14154), 
anti-IL-6-antibody (GB11117) and anti-p-STAT3-antibody 
(GB13168).

Statistical Analysis
All experiments were performed at least three times unless 
otherwise stated. Results were expressed as means ± SD and 
analysed for differences between two groups using two-tailed 
t-tests, assuming equal variances, with statistical significance 
set at p < 0.05. One-way ANOVA was adopted for comparing 
the results of three or more groups. All statistical analyses 
were performed using GraphPad Prism 7.0 software.

Results
BMFs and BMF-CM Promote Gastric 
Cancer Cell Migration
Our previous results have shown that BMFs promoted 
tumourigenesis and growth in gastric cancer cells.9,11 In 
this study, we further determined whether BMFs promote 
tumour migration, invasion, and metastasis in gastric can-
cer cells. Firstly, we found that BMFs promoted migration 
of MKN28, SGC7901 (Figure 1A and B) and MKN45 
(Supplementary Figure 1A and B) cells. Secondly, to 
investigate whether BMFs promote cancer cell migration 
due to BMF-secreted cytokines or chemokines, we deter-
mined the effects of BMF-CM on the migration of gastric 
cancer cells. Transwell migration assay also showed that 
BMF-CM increased the migration of the MKN28 and 
MKN45 cells (Figure 1C and D). The wound healing 
assay demonstrated that BMF-CMs significantly enhanced 
the migration capabilities of MKN-28 (Figure 1E–G) and 
SGC-7901 cells (Supplementary Figure 1C–E) compared 

with the normal medium. These results demonstrated that 
BMFs promoted gastric cancer cell migration.

BMFs Promote in vitro Gastric Cancer 
Cell Invasion
Next, we investigated the effects of BMFs on the invasion 
of gastric cancer. We found that BMFs promoted the inva-
sion of MKN28 and SGC7901 (Figure 2A and B) cells 
using a Transwell Matrigel invasion assay. Furthermore, 
using the 3D organotypic co-culture system, we observed 
that BMFs enhanced the invasion of MKN28 and MKN45 
cells compared with the normal gastric MFs (Figure 2C). 
MKN28 and MKN45 cells displayed higher levels of inva-
sion into the extracellular matrix (ECM) gel when co- 
cultured with BMFs (Figure 2C). These results suggested 
that BMFs could promote gastric cancer cell invasion.

BMFs Promote Gastric Cancer Cell 
Metastases in Liver and Lung
We further investigated the effects of BMFs on in vivo 
metastases of gastric cancer cells. MKN45 cells were 
highly tumourigenic, whereas MKN28 cells were weakly 
tumourigenic.11 The liver is one of the most common 
organs for gastric cancer metastasis.22,23 The intrasplenic 
(i.s.) implantation of tumour cells has been widely used in 
liver metastasis models.24 All cancer cell lines used in this 
project were engineered with a firefly-luciferase (FL) that 
enable them to be monitored in vivo using IVIS imaging, 
however, this labelling did not alter their biological prop-
erties. Immunofluorescence (IF) double staining confirmed 
EGFP+ a-SMA+BMFs in the liver tissues (data not 
shown). We first investigated whether BMFs can enhance 
the metastatic capacities of metastatic MKN45 cells. We 
found that co-injected MKN45 cells with BMFs into 
spleen developed larger liver metastatic tumours with 
stronger fluorescence in all 10 mice eight weeks after the 
injection of cells, whereas a single injection of MKN45 
cells developed smaller tumours in 7/10 mice (Figure 3A). 
These results suggested that BMFs could remarkably 
enhance tumour metastasis in metastatic cancer cell lines.

Next, we investigated whether BMFs could induce 
metastasis in non-metastatic MKN28 cells. Our results 
showed that co-injection of MKN28 cells with BMFs 
caused the development of metastatic liver tumours in all 
five mice, whereas a single injection of MKN28 cells did 
not develop liver metastasis (Supplementary Figure 2A). 
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Figure 1 BMFs and BMF-CM promote gastric cancer cell migration. (A, B) MKN28 and SGC7901 cells were inoculated into the upper Transwell inserts and BMFs were 
seeded into bottom wells. Cell migration abilities were evaluated 24 h after seeding. Representative photos are shown. Data are expressed as means ± SD, n = 3. 
****P<0.0001 (Student’s t-test). (C, D) MKN45 and MKN28 cells were seeded into the upper Transwell insert, and 5% FBS or BMF-CM were added to the bottom wells. 
Cell migration was evaluated 24 h after the cell seeding. Representative photos are shown. Data are expressed as means ± SD, n = 3. ****P<0.0001 (Student’s t-test). (E) The 
MKN28 cells were cultured with BMF-CM or SFM for 54 h. (F, G) The scratch area and wound healing percentages of MKN28 cells were calculated at different time points. 
Data are expressed as means±SD,n=3.**p＜0.01,****p＜0.0001(Student’s t-test)
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The results suggested that BMFs can induce non- 
metastatic cancer cells to develop metastatic tumours.

To further confirm our findings, we determined 
whether BMFs could promote lung metastasis of MKN28 
in an IOCV lung metastasis mouse model. The lung is also 
one of the most common metastatic sites of advanced 
gastric cancer, with lung metastasis occurring in 20–40% 
of metastasised gastric cancers.25 The results showed that 
9/10 mice co-injected with MKN28 cells and BMFs devel-
oped lung metastasis three months after the injection 
(Figure 3C, D and F). Interestingly, 3/10 mice in the co- 
injection group developed subcutaneous metastasis (Figure 
3B, E and F). Mice (1/10) developed both lung and splenic 
metastases in the co-injection group (Supplementary 
Figure 2B). However, no organ metastasis occurred in 
the MKN28 injection group (Figure 3B and F). These 
results demonstrated that BMFs had a strong capability 
to promote in vivo metastasis of gastric cancer cells.

BMF-Reprogrammed CSC-LCs Exhibit 
Increased Capacities of Migration, 
Invasion, and Metastasis
We previously identified CD44+ as a gastric CSC marker. We 
found that CD44+ and not CD44− MKN45 cells formed 

spheres in the SCM and developed tumourigenesis. MKN45 
cells expressed CD44 (cell surface marker), whereas MKN28 
cells did not express any known CSC markers (i.e., CD44−, 
CD133−, CD24−).11,26 Our previous studies indicated that 
BMFs accelerated tumour growth and exhibited stronger cap-
ability to enhance tumourigenesis than wild-type fibroblasts.11 

In this study, we further found that BMFs enhanced the sphere 
clonal formation of CSC-LCs when CD44+MKN45 were co- 
cultured with BMFs in SCM compared with when they were 
cultured in SCM alone (Figure 4A). BMFs prevented CSC- 
LC differentiation in serum (Figure 4A). Furthermore, we 
found that CD44−MKN28 cells formed spheres when co- 
cultured with BMFs (EGFP+ cells) in SCM in attachment 
plates, whereas co-cultured BMFs did not form spheres 
(sphere were EGFP− cells) (Figure 4B). CD44−MKN28 cells 
formed more spheres when co-cultured with BMFs in SCM in 
unattachment plates, whereas CD44− MKN28 cells formed 
fewer spheres when cultured in SCM alone (Figure 4C). 
These results suggested that BMFs could reprogram non- 
CSC-LCs to CSC-LCs in gastric cancer MKN28 cells.

However, it is still unclear whether BMF-induced CSC- 
LCs possess greater capacities of invasion and metastasis. 
In this study, we found that BMF-reprogrammed MKN28- 
CSC-LCs exhibited increased capacities of migration 

Figure 2 BMFs promote gastric cancer cells invasion in vitro. (A, B) MKN28 and SGC7901 were seeded into the upper Transwell inserts and BMFs were seeded into the bottom wells. 
Cell invasion abilities were evaluated using a Transwell Matrigel assay 24 h after the seeding. Representative photos are shown. Data are expressed as means ± SD, n = 3. ****P<0.0001 
(Student’s t-test). (C) MKN45 and MKN28 were seeded with normal MFs or BMFs into a 3D organotypic co-culture system. Cells were co-cultured for three weeks. Representative 
photos are shown. Representative images from one of the three independent experiments are presented.
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Figure 3 BMFs promote in vivo liver and lung metastasis of gastric cancer cells. The effect of BMFs on MKN45 cells liver metastasis in vivo was investigated using the mouse 
spleen injection liver metastasis model. The mice were monitored by IVIS imaging at the indicated time. FL-MKN45 cells (A) were injected i.s. alone or with BMFs into nude 
mice. Tumours are shown using IVIS imaging at four weeks. Metastatic liver tumours were confirmed using histology. Arrows indicated metastatic tumour in the liver tissues. 
The effect of BMFs on MKN28 cells lung metastasis in vivo was investigated using the IOCV mouse model. The rate of lung metastasis in the BMF and MKN28 cell co- 
injection or the MKN28 cell injection groups were observed after three months. Most of the mice in the co-injection group had lung metastasis (B–D, F), moreover, some 
developed subcutaneous (B, E) and spleen metastases (F). However, in the MKN28 cell injection group, no organ metastasis occurred (C, F).
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Figure 4 BMF reprogrammed CSC-LCs exhibit increased capacities of migration, invasion, and metastasis. (A) BMF-SCM enhanced the sphere clonal formation of 
CD44+MKN45 cancer stem cells and prevented their differentiation in the presence of serum. (B) Co-culture with BMFs or (C) BMF-SCM induced CD44−MKN28 cells to 
form spherical clones in ultra-low attachment plates. (D) MKN28-CSC-LC migration was measured using a Transwell migration assay, ****P<0.0001 (Student’s t-test). (E) 
MKN28-CSC-LC invasion was determined using a 3D organotypic co-culture system. Red-arrows indicate invasion sites (F) MKN28-CSC-LCs or MKN28 parental cells 
were injected i.s. into NOD/SCID mice. There were five mice in each group. Tumour metastasis were monitored weekly for three months.
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(Figure 4D) and invasion (Figure 4E). Furthermore, 
although MKN28 cells are non-metastatic, the MKN28- 
CSC-LCs could still develop liver metastasis in an i.s. 
transplantation mouse model (Figure 4F). These results 
suggested that BMFs can reprogram cancer cells to CSC- 
LCs which then are thought to serve as initiators of cancer 
metastasis.

Blocking the Signalling Loop Between 
Cancer Cells and BMFs Inhibits 
BMF-Promoted Gastric Cancer Migration
Our previous study showed that BMF-derived IL-6 and 
cancer cell-derived TGF-β1 mediate the interactions 
between BMFs and tumour cells, as well contribute to 
the induction of CSC-LCs. As our previous reports,11 

murine BMFs co-cultured with human gastric cancer 
cells secreted higher levels of mIL-6 when compared to 
murine BMFs cultured alone. Conversely, human gastric 
cancer cells co-cultured with murine BMFs expressed 
higher levels of hTGF-β1 than human gastric cancer cells 
cultured alone.

Whether the TGF-β1/IL-6 signalling loop mediates 
BMF-promoted metastasis remains unclear. Therefore, 
we determined the effects of blocking the signalling loop 
on BMF-induced migration in vitro. We found that the 
expression of STAT3 and p-STAT3 increased in MKN28 
and SGC7901 cells when co-cultured with BMFs (Figure 
5A). We first determined whether blocking IL-6/STAT3 
signalling in cancer cells suppressed BMF-induced gastric 
cancer cell migration. We established STAT3-knockdown 
MKN28 stable cells and STAT3-knockdown SGC7901 
stable cells (Figure 5B). We found that the migration cell 
number was significantly lower in MKN28-STAT3- 
knockdown cells co-cultured with BMFs when compared 
to that in MKN28-Ctrl-shRNA cells co-cultured with 
BMFs (Figure 5C). We observed similar results in 
SGC7901-STAT3-knockdown cells co-cultured with 
BMFs (Supplementary Figure 3A). Furthermore, treatment 
with Napabucasin (BBI608), a new specific small mole-
cule inhibitor of STAT3 signalling,27–30 significantly inhib-
ited BMF-induced migration of MKN28 (Figure 5D–E) 
and SGC7901 cells (Supplementary Figure 3B) compared 
with that of the control group.

Galunisertib is a TGF-β RI small molecular inhibitor.31,32 

We observed that treatment with Galunisertib slightly 
decreased BMF-induced migration in MKN28 cells in 
a dose-independent manner (Supplementary Figure 4). 

However, there were no significant differences between the 
concentration groups. The combination of Napabucasin and 
Galunisertib synergistically enhanced the inhibition of BMF- 
induced migration in MKN28 cells (Figure 5F–G) compared 
with that of the single Napabucasin and Galunisertib treat-
ments. These results demonstrated that the IL-6/STAT3 and 
TGF-β1 signalling loop played an important role in BMF- 
promoted migration.

To confirm the role of the IL-6/STAT3 and TGF-β1 
signalling in BMF-promoted metastasis, we determined 
the expression of IL-6, p-STAT3, and TGF-β1 in lung 
metastatic BMF-promoted gastric tumours (Figure 3). We 
observed that the expressions of hTGF-β1, IL-6, and 
p-STAT3 were also remarkably higher in cancer tissues 
when compared to adjacent non-cancerous tissues with co- 
localisation (Figure 5H). These results suggested that mIL- 
6/STAT3 and hTGF-β1 mediated the interaction between 
gastric cancer cells and BMFs to promote metastasis.

High Expressions of IL-6 and TGF-β1 are 
Associated with Poor Clinical Prognosis
To investigate the clinical relevance of the expressions of 
TGF-β1 and IL-6 identified in mouse lung metastatic 
tumours, we further determined their expression in 
human gastric cancer tissues using a tissue array. We 
found that TGF-β1 overexpression was detected in gastric 
cancer cells in 57/82 of gastric cancer tissues with meta-
static lesions, and only in 15/41 gastric cancer tissues 
without them. No expression was detected in normal gas-
tric tissues (Figure 6A and B). IL-6 expression was 
detected in both stromal fibroblasts and cancer cells in 
66/82 gastric cancer tissues with metastatic lesions and 
in 12/41 non-metastatic gastric cancer tissues, whereas 
no expression was detected in normal gastric tissues 
(Figure 6A and B). These results suggested that the 
expression of TGF-β1 and IL-6 might be associated with 
the development of gastric cancer metastasis. Our results 
were consistent with previous reports that cancer cell- 
derived TGF-β1 facilitates human colon cancer metastatic 
engraftment and expansion,33 and that IL-6 expression is 
associated with human gastric cancer lymph node and/or 
hepatic metastasis.34 To further determine the relationship 
between the expression of IL-6 and TGF-β1 and clinico-
pathological features in gastric cancer, we analysed data 
from stomach adenocarcinoma (STAD) in The Cancer 
Genome Atlas. The expressions of TGF-β1 and IL-6, 
both correlated with the T1 and T2-4 stages (p<0.05) 
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Figure 5 mIL-6/STAT3 and hTGF-β1 mediated the interaction between gastric cancer cells and BMFs to promote metastasis. (A) MKN28 and SGC7901 cells co-cultured with BMFs for 
24 h. Western blot was used to detect the protein expression of STAT3 and p-STAT3 (Tyr705). (B) Western blot was conducted to verify the relative expression of STAT3 in MKN28 and 
SGC7901 transfected with shRNAs targeting STAT3. (C) MKN28-Ctrl-shRNA and MKN28-STAT3-shRNA stable cells were co-cultured with BMFs in a Transwell chamber for 24 h. The 
data are expressed as means ± SD of three independent experiments. ****P<0.0001 (Student’s t-test). Representative photos are shown. (D, E) The effect of STAT3 inhibitor, 
Napabucacin on BMFs-induced MKN28 cell migration was evaluated using the Transwell migration assay 24 h after the seeding. MKN28 cells were cultured with BMFs in the absence or 
presence of different concentrations of Napabucacin. **P < 0.01, ****P<0.0001 (Student’s t-test) Representative photos are shown above. (F, G) The effect of the combination of 
Napabucacin and Galunisertib on BMF-induced MKN28 cell migration was evaluated with the Transwell migration assay 24 h after the seeding. MKN28 cells were co-cultured with BMFs 
in the absence or presence of different concentrations of Napabucacin and Galunisertib. *P < 0.05, ****P<0.0001 (Student’s t-test) Representative photos are shown above. (H) Serial 
sections of lung metastases in mice were stained with anti-human TGF-β1 antibody, anti-mouse IL-6 antibody and anti-human p-STAT3 antibody. Representative photos are shown above.
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Figure 6 The overexpression of TGF-β1 and IL-6 in the human gastric cancer tissue array and TCGA is associated with poor prognosis. Human tissue array samples made 
from human primary normal and gastric cancer tissues with and without metastasis were stained with anti-human TGF-β1 and anti-human IL-6 antibodies. (A) The photos 
presented are a representative for each group from the tissues array. (B) The data presented were from 41 and 82 gastric cancer tissues without metastasis and with 
metastatic lesions, respectively. *P < 0.05, TGF-β1 expression in gastric cancer with metastasis vs without metastasis. #p < 0.01, IL-6 expression in gastric cancer with 
metastasis vs without metastasis. Data from stomach adenocarcinoma (STAD) in The Cancer Genome Atlas were analysed. (C, D) Analysis of the relationship between the 
mRNA expression of IL-6, TGF-β1 and T1 stage vs T2-4 stage. (E, F) Analysis of the relationship between the mRNA expression of IL-6, TGF-β1 and M0 stage vs M1 stage. 
(G, H) Analysis of the relationship between the mRNA expression of IL-6, TGF-β1 and the overall survival.
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(Figure 6C and D) and the M0 and M1 stages (p<0.05) 
(Figure 6E and F). The high expressions of TGF-β1 and 
IL-6 were associated with short survival (p<0.05) 
(Figure 6G and H). In conclusion, high expressions of 
IL-6 and TGF-β1 were associated with poor clinical 
prognosis.

Discussion
Tumour stromal myofibroblasts play critical roles in 
tumour initiation and progression in mouse tumour models 
and human cancers.7,8,35 Using the unique BMFs estab-
lished by our research team, for the first time to our 
knowledge, we systematically investigated the roles of 
BMFs in tumour metastasis. We first found that BMFs 
could promote gastric cancer cells migration and invasion 
in vitro. Secondly, we had shown that BMFs could pro-
mote liver, lung, spleen, and subcutaneous metastasis of 
gastric cancer cells in vivo using two tumour metastatic 
animal models. We also found that Napabucasin inhibited 
BMF-promoted metastasis. These results demonstrated 
that BMFs had strong capacities to promote gastric cancer 
metastasis. This also suggested that targeting the inhibition 
of STAT3 signalling might be a novel strategy for the 
inhibition of BMF-promoted metastasis.

CSCs play critical roles in tumour initiation and 
tumour progression including in invasion, metastasis and 
tumour recurrence.36 However, whether BMF- 
reprogrammed CSC-LCs (CD44+ cells) could metastasise 
remains unknown. In our study, we found that BMF- 
reprogrammed MKN28-CSC-LCs exhibited enhanced 
capacities of migration and invasion in vitro and increased 
in vivo metastasis compared with parental MKN28 cells. 
The BMF-reprogrammed CSC-LCs are a major mechan-
ism by which BMFs promote tumour metastasis. These 
results provided new evidence to support the notion that 
CSCs are the seeds of cancer metastasis.36 In our previous 
study, we found that murine IL-6 levels were much higher 
in the BMFs than the wild type fibroblasts.9 Murine IL-6 
levels were higher in co-cultured-CM medium compared 
with BMF-CM, and blocking the IL-6 signalling reduced 
BMF-induced CSC-LCs.10 We found that BMF-CM could 
promote cell migrations, and blocking IL-6/STAT3 signal-
ling reduced BMF-CM or BMF-induced cell migration 
and invasion in gastric cancer cells. These results demon-
strate that BMF-derived IL-6 is a major cytokine that 
contributes to cell migration. To our knowledge, we are 
the first to demonstrate that BMFs could promote tumour 
cell migration and metastasis in gastric cancer. However, 

the study of whether other cytokines in BMF-CM also 
play an important role in tumour metastasis is still 
warranted.

Here, one of the interesting findings was that BMFs could 
promote metastasis of gastric cancer cells in multiple sites. 
Tail vein injection of tumour cells is a typical animal model 
to determine lung metastasis. We co-injected mice with 
MKN-28 cells and BMFs through the tail vein. These mice 
subsequently developed lung, subcutaneous, and splenic 
metastases, whereas mice (n=10) injected with only MKN- 
28 cells did not develop any metastasis. Our results con-
trasted previous reports that tumour cells by tail vein injec-
tion developed only lung metastasis.37 Our findings 
demonstrated that BMFs promote in vivo tumour metastasis. 
It is plausible that co-injected BMFs interact with cancer 
cells in vivo, and provide a microenvironment that maintains 
the features of CSCs and supports cancer cell survival. 
However, the detailed mechanisms by which BMFs promote 
the formation of subcutaneous and spleen metastases of 
gastric cancer cells requires further investigation.

We also identified that the IL-6/STAT3 and TGF-β1 
signalling pathways played a critical role in mediating 
BMF-promoting tumour metastasis. We blocked the IL-6/ 
STAT3 pathways and TGF-β1 signalling with Napabucasin 
and Galunisertib, respectively. This inhibited BMFs or 
BMF-CM-induced migration and invasion in gastric can-
cer cells and knockdown of the STAT3 significantly 
reduced BMFs-induced migration and invasion. 
Furthermore, analysis of clinical samples from the human 
gastric cancer tissue array and TCGA database also 
showed that the overexpression of TGF-β1 and IL-6 
were associated with the development of gastric cancer 
metastasis and poor prognosis. The clinical relevance sup-
ports the notion that TGF-β1 and IL-6 contribute to metas-
tasis of gastric cancer.

Another interesting finding was that Napabucasin exhib-
ited stronger inhibition of migration and invasion of gastric 
cancer cells promoted by BMFs than Galunisertib.38–40 These 
results suggested that BMF-activated IL-6/STAT3 signalling 
might play a more important role in cancer metastasis. Our 
previous study demonstrated that BMF-derived IL-6/STAT3 
signalling plays a critical role in CSC-LC induction.11 Our 
current study has shown that BMF-induced CSC-LCs can 
metastasise. Therefore, targeted inhibition of the IL-6/STAT3 
signalling may be a novel strategy to inhibit the BMF- 
promoted metastasis. In fact, we have shown that 
Napabucasin significantly inhibited BMF-promoted lung 
metastasis of gastric cancer cells. Napabucasin has been 
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considered a novel small molecule inhibitor of the cancer stem 
cell pathway and is undergoing clinical trials.28 Napabucasin 
has been increasingly shown to exhibit potent inhibition of 
tumour growth in a variety of human cancer mouse xenograft 
models including colon and pancreatic cancers and inhibition 
of liver metastasis of colon cancer cells.41 Our results showed 
that Galunisertib alone showed a minor inhibition of in vitro 
cancer cell migration induced by BMFs. However, the combi-
nation of Napabucasin and Galunisertib exhibited synergistic 
in vitro inhibition of BMF-induced migration gastric cancer 
cells. It remains to be investigated whether the combination of 
both can synergistically inhibit in vivo lung metastasis of 
gastric cancer.

However, our research still has some limitations. The 
peritoneum is the most common metastasis site of gastric 
cancer. In our study, we did not construct a gastric cancer 
peritoneal metastasis model, because we mainly want to prove 
that BMF has a strong role in promoting the distant metastasis 
of gastric cancer. We have reason to believe that BMF should 
have the ability to promote gastric cancer peritoneal metasta-
sis. We will further explore this point in the future research.

Given that the IL-6/STAT3 and TGF-β1 signalling path-
ways constitute the key signalling loop that promotes 
metastasis of gastric cancer, we proposed a new model of 
how BMFs contribute to gastric cancer metastasis 
(Supplementary Figure 5). Our research into BMFs, CSCs 
and tumour metastasis enhanced our knowledge and under-
standing of the role of bone marrow-derived cells in tumour 
metastasis. These findings will enable the development of 
novel approaches for effective prevention and treatment of 
tumour metastasis.
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