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Abstract

Objectives: Bone marrow-derived cells (BMDCs), especially mesenchymal stem cells
(MSCs), may be involved in the development of Helicobacter pylori-associated gastric
cancer (GC) in mice, but the specific mechanism remains unclear, and evidence from
human studies is lacking.

Materials and Methods: To verify the role of BM-MSCs in H pylori-associated GC,
green fluorescent protein (GFP)-labelled BM-MSCs were transplanted into the sub-
serosal layers of the stomach in a mouse model of chronic H pylori infection. Three
months post-transplantation, the mice were sacrificed, and the gastric tissues were
subjected to histopathological and immunofluorescence analyses. In addition, we
performed fluorescence in situ hybridization (FISH) and immunofluorescence analy-
ses of gastric tissue from a female patient with H pylori infection and a history of
acute myeloid leukaemia who received a BM transplant from a male donor.

Results: In mice with chronic H pylori infection, GFP-labelled BM-MSCs migrated
from the serous layer to the mucosal layer and promoted GC progression. The BM-
MSCs differentiated into pan-cytokeratin-positive epithelial cells and «-smooth
muscle actin-positive cancer-associated fibroblasts (CAFs) by secreting the protein
thrombospondin-2. FISH analysis of gastric tissue from the female patient revealed
Y-chromosome-positive cells. Immunofluorescence analyses further confirmed that
Y-chromosome-positive cells showed positive BM-MSCs marker. These results sug-
gested that allogeneic BMDCs, including BM-MSCs, can migrate to the stomach
under chronic H pylori infection.

Conclusions: Taken together, these findings imply that BM-MSCs participate in the
development of chronic H pylori-associated GC by differentiating into both gastric

epithelial cells and CAFs.

Huiying Shi, Cuihua Qi and Lingjun Meng contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Cell Proliferation published by John Wiley & Sons Ltd.

Cell Proliferation. 2021;54:e13114.
https://doi.org/10.1111/cpr.13114

wileyonlinelibrary.com/journal/cpr 10f13


www.wileyonlinelibrary.com/journal/cpr
https://orcid.org/0000-0002-0796-9944
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:selinalin35@hotmail.com

SHI ET AL.

20f 13 7

Proliferation
1 | INTRODUCTION

Gastric cancer (GC) is one of the most common malignant tumours
worldwide. According to the latest global cancer data released in
2020, GC ranks 6th in incidence and 4th in mortality among all ma-
Iigna\ncies.1 Risk factors for GC include chronic Helicobacter pylori
infection, alcohol consumption,Z’3 tobacco smoking“'5 and consump-
tion of foods preserved by salting,""7 among others. Chronic H pylori
infection is considered the principal cause of non-cardia GC; ap-
proximately 90% of new cases of non-cardia GC are associated with
H pylori infection.®? Nearly half of the global population is infected
with H pylori, making it the most common infection in the world.?%*!
Chronic H pylori infection is thought to cause gastric epithelial hy-
perplasia and mitotic error, leading to metaplasia, dysplasia and
ultimately adenocarcinoma.'> However, beyond these histological
characteristics, the mechanisms by which H pylori-associated GC
originates and progresses are not fully understood.*®

Previous studies suggested that GC is caused by malignant trans-
formation of gastric mucosal epithelial cells,**%¢ but recent cell lin-
eage tracing studies have proposed that bone marrow-derived cells
(BMDCs) are the cell source of GC.Y”"'® Bone marrow-derived mes-
enchymal stem cells (BM-MSCs) have multi-lineage differentiation
potential and play an important role in tissue repair.? The tropism
of BM-MSC for sites of tissue damage and the tumour microenvi-

d,?>%! and evidence indicates that the

ronment has been confirme
tissue-regenerative function of MSCs may go awry in malignant
tumours.??2% Nonetheless, the exact role of BM-MSCs in H pylori-
associated GC and the underlying mechanisms remain unclear.
BM-MSCs have been shown to promote tumour development
in various cancer types by developing into cancer-associated fibro-
blasts (CAFs). CAFs play a key role in tumorigenesis by regulating
the tumour microenvironment and affecting tumour cell behaviour.
Upon tissue damage, epithelial cell transformation prompts the re-
cruitment of several types of cells and their reprogramming into
CAFs?’; the most direct sources of CAFs are resident tissue fibro-
blasts and MSCs.2”2? a-smooth muscle actin (a-SMA) is a robust CAF
marker that is commonly used to identify CAFs with myofibroblast
morphology.>%3! CAFs can also be further induced to secrete cyto-
kines that promote tumour cell growth and invasion.>?3> Multiple
lines of evidence suggest that a significant proportion of CAFs in tu-
mours originates from BM-MSCs.2é For instance, in a mouse model
of pancreatic ductal adenocarcinoma, BM-MSCs are recruited into
the tumour microenvironment, where they differentiate into CAFs

and secrete VEGF to promote tumour progression.36 BM-MSCs pro-
mote tumour growth by secreting interleukin-6 as CAFs in a murine

ovarian carcinoma xenograft model.*’

Therefore, in this study, we
aimed to investigate whether BM-MSCs can promote the progres-
sion of H pylori-associated GC as CAFs and the underlying mecha-
nism. To do so, we transplanted BM-MSCs into a mouse model of

chronic H pylori infection.

2 | MATERIALS AND METHODS

2.1 | Establishment of BM-MSCs transplantation in
chronic H pylori-infected mice

Four- to six-week-old male BALB/C mice were purchased from Beijing
HFK Bioscience Co., LTD., and raised in a specific pathogen-free
(SPF) animal feeding room at the Animal Center of Tongji Medical
College in a constant-temperature (21-25°C), constant-humidity
(50%-60%) environment. The mice had free access to standard ro-
dent diet and water before the experiment. All procedures were
conducted strictly in accordance with the Guide for the Care and
Use of Laboratory Animals, and the experiments were approved by
the Laboratory Animal Ethics Committee of Huazhong University of
Science and Technology.

The mice were randomly allocated to 4 groups: the phosphate-
buffered saline (PBS) transplantation group (SHAM, n = 10), BM-
MSCs transplantation group (BM-MSCs, n = 10), chronic H pylori
infection group (Hp, n = 20) and chronic H pylori infection plus BM-
MSCs transplantation group (Hp +BM-MSCs, n = 27).

To establish the model of chronic H pylori infection, mice were
inoculated orally with a suspension of H pylori strain SS1 (0.1 ml,
1-2 x 107 CFU/mL) thrice over a 5-day period using a mouse gavage
needle.®® The SHAM and BM-MSCs groups were mock-inoculated
with H pylori liquid culture medium. Three months after successful
infection with H pylori strain SS1, green fluorescent protein (GFP)-
labelled BM-MSCs (2 x 10° cells in 0.1 ml of PBS) were transplanted
into the antrum area of the greater curvature into the subserosa.
Three months after transplantation, the mice were sacrificed, stom-
ach samples were collected, and gastric tissues were subjected to
histological analysis. The distribution of GFP-labelled BM-MSCs in
the stomach was detected by flow cytometry. Laser confocal immu-
nofluorescence microscopy was used to observe the migration and
distribution of GFP-labelled BM-MSCs in the stomach and to analyse

FIGURE 1

In chronic H pylori-infected mice, BM-MSCs promote H pylori-associated gastric cancer progression by differentiating into

a-SMA+cells or pan-CK+-cells. A, Statistics of the histopathological analysis of each group. Representative gastric mucosa histopathology
images from the B, SHAM, C, Hp, D, BM-MSCs and E, Hp+BM-MSCs groups are shown; the black rectangle shows that the tumour has
infiltrated the submucosa. F, Representative light microscopy images (left panel) and fluorescence microscopy images (right panel) of GFP-
labelled BM-MSCs cultured in vitro. G, The distribution of GFP-labelled BM-MSCs in the mouse stomach was observed by laser confocal
immunofluorescence 3 days after transplantation; the transplanted cells (green) survived and migrated from the subserosa (S) to the
submucosa (SM). Nuclei were labelled with DAPI (blue). H-1, Representative immunofluorescence images of GFP* cells (green) or a-SMA*
cells (red) in the stomach in the SHAM, BM-MSCs, Hp and Hp +BM-MSCs groups, respectively. The nuclei were labelled with DAPI (blue).
J-K, Dual immunofluorescence analysis of GFP (green) and a-SMA (red) or pan-CK (red) expression in the stomach in the Hp +BM-MSCs
group. Nuclei were labelled with DAPI (blue). LM/CM, longitudinal muscle/circular muscle



SHI ET AL.

a-SMA/ DAPI

GFP/ a-SMA/ DAPI ©

]

GFP/ Pan-CK/ DAPI

(A) Normal
Inflammation
Metaplasia
mm LGIN

HGIN and Cancer

HP+BM-MSC
Hp: 70% 25% B
BM-MSC 20% 80%
SHAM 20% 80%
0 25 50 75 100
Percentage (%)
BM-MSCs
(F) in vitro (G)

BM-MSCs

BM-MSCs

oo

Hp+BM-MSCs |
in vivo

Hp+BM-MSCs



SHI ET AL.

the co-expression of GFP and the CAF marker a-smooth muscle actin
(a-SMA) or gastric epithelial cell marker pan-cytokeratin (pan-CK).

2.2 | Invivo tumorigenesis in nude mice

Male BALB/c nude mice (HFK BIOSCIENCE CO., LTD, Beijing,
China) were bred in a licenced SPF laboratory at the Animal Center
of Tongji Medical College. To assess the effect of BM-MSCs on
tumour growth in vivo, 5-week-old nude mice (20 g body weight)
were randomly allocated to the following groups (n = 6): 1) con-
trol mice injected with PBS (Control group); 2) mice injected with
2 x 10° gastric cancer cell line MFCs (MFC group); 3) mice injected
with 2 x 10® BM-MSCs (BM-MSCs group); and 4) mice injected
with 2 x 10® MFCs mixed with 2 x 10° BM-MSCs (MFC +BM-MSCs
group). In all groups, cells were resuspended in 200 ul of PBS and
inoculated subcutaneously into the right armpit of each mouse.
After transplantation, the subcutaneous tumour was measured
with Vernier callipers to calculate tumour size, and the tumour
volume was calculated according to the formula (L x W?) x 0.5,
where L is the length of each tumour and W is the width of each tu-
mour. The mice were sacrificed 1-3 weeks later, and the subcutane-
ous tumours were analysed by histological staining. All procedures
were approved by the Experimental Animal Ethics Committee of
Huazhong University of Science and Technology.

2.3 | iTRAQ analysis

Isobaric tags for relative and absolute quantification (iTRAQ), a
method of quantitative proteomics, were used to screen and identify
proteins secreted by BM-MSCs after H pylori treatment. BM-MSCs
were cultured in a dish with culture medium until reaching conflu-
ence and were then treated with or without a supernatant of H pylori
at a multiplicity of infection (MOI) of 50 for 12 h. Conditioned and
non-conditioned medium of BM-MSCs was harvested and centri-
fuged at 4000 rpm for 10 min. The non-conditioned medium of BM-
MSCs was used as a control. Then, the samples were processed and
detected by Shanghai Luming Biotechnology Co., LTD. The relative
abundance of proteins was calculated based on individual peptide
ratios, and the threshold for differentially expressed proteins was
21.5 or <0.75.

2.4 | Short hairpin RNA transfection

To stably knock down thrombospondin-2 (THBS2) in BM-MSCs, a
lentiviral vector (U6-MCS-Ubiquitin-Cherry-IRES-puromycin) con-
taining a short-hairpin RNA (shRNA) for the THBS2 coding sequence
(NM_011581) was constructed (Gene Technologies, Inc Shanghai,
China). The cells were seeded in full growth medium in 12-well tissue
culture dishes at 10,000 cells/well and grown at 37°C for 18-24 h prior
to lentivirus transfection with THBS2 shRNA (Gene Technologies,
Inc, Shanghai, China) or scrambled shRNA (negative control) (Gene
Technologies, Inc, Shanghai, China) at a MOI of 100 according to the
manufacturer's instructions. The sequence of the THBS2-specific
shRNA was GCTGTAGGTTTCGACGAGTTT, and the sequence of
the negative control shRNA was TTCTCCGAACGTGTCACGT. At
48-h post-infection, stably transfected cell lines were selected using
puromycin (Sigma-Aldrich; Merck Millipore) at a dose of 8 pg/ml for
3 days. In THBS2 knockdown experiments, THBS2 gene expression
was measured by qRT-PCR, and THBS2 protein expression was as-
sessed by Western blot.

2.5 | Analysis of the effect of THBS2-deficient BM-
MSCs on mice with chronic H pylori infection

To evaluate the effect of THBS2-deficient BM-MSCs on H pylori-
associated GC in chronic H pylori-infected mice, mice were allocated
to the following groups: 1) PBS transplantation group (SHAM group,
n = 10); 2) scrambled-shRNA (negative control) BM-MSCs (sh-NC-
BM-MSCs) transplantation group (sh-NC-BM-MSCs group, n = 10);
3) THBS2-specific shRNA BM-MSCs (sh-THBS2-BM-MSCs) trans-
plantation group (sh-THBS2-BM-MSCs group, n = 10); 4) chronic H
pylori infection group (Hp group, n = 15); 5) chronic H pylori infection
with sh-NC-BM-MSCs transplantation group (Hp +sh-NC-BM-MSCs,
n = 25); and 6) chronic H pylori infection with sh-THBS2-BM-MSCs
transplantation group (Hp +sh-THBS2-BM-MSCs group, n = 25).

2.6 | Analysis of the effect of THBS2-deficient BM-
MSCs on gastric cancer xenografts

To investigate the effect of THBS2-deficient BM-MSCs on tumour
growth in vivo, mice were allocated to the following groups (n = 5):

FIGURE 2 H pylori enhances the proliferation and migration of BM-MSCs in vitro and promotes tumour growth in nude mice. A,
Representative CFSE-labelled BM-MSCs after coculture with the supernatant of H pylori (MOI: 0, 10, 50, 100, 12 h). B, Percentage of

cells in M1 in in vitro coculture with the supernatant of H pylori (MOI: 0, 10, 50, 100, 12 h). C, Transwell migration assay of BM-MSCs
cocultured in vitro with H pylori lysed by ultrasonication (MOI: 50, 18 h). D, Representative images of tumours in nude mice 1 or 2 weeks
after injection of MFCs alone or co-injection of MFCs and BM-MSCs. E, Tumour size in the control, BM-MSCs, MFC and MFC +BM-MSCs
groups (n = 6; *** P <.001). F, Representative Ki-67 IHC images and quantitative analysis of the Ki-67 index of tumour sections from the
MFC and MFC +BM-MSCs groups are shown. *** P <.001. G, Dual immunofluorescence analysis of GFP (green) and a-SMA (red) in the MFC
+BM-MSCs group. Nuclei were labelled with DAPI (blue). H, BM-MSCs promote the metastasis of gastric cancer xenograft tumours in nude
mice. Representative PET-CT images of nude mice 3 weeks after injection of MFCs alone or co-injection of MFCs with BM-MSCs in the
right armpit are shown. The white circles indicate suspected abdominal metastasis of subcutaneous xenograft tumours in the MFC +BM-
MSCs group at 3 weeks post-transplantation. Mip, Maximal Intensity Projection. Results are expressed as means +SD. **P <.01, ***P <.001
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1) PBS injection (Control group); 2) injection with 2 x 10° gastric ad-
enocarcinoma cell lines SGCs (SGCs group); 3) injection with 2 x 10°
sh-NC-BM-MSCs (sh-NC-MSCs group); 4) injection with 2 x 10°
SGCs mixed with 2 x 10° sh-NC-BM-MSCs (SGC +sh-NC-MSCs
group); 5) injection with 2 x 10° sh-THBS2-BM-MSCs (sh-THBS2-
MSCs group); and 6) injection with 2 x 10° SGCs mixed with 2 x 10°
sh-THBS2-BM-MSCs (SGC +sh-THBS2-MSCs). The mice were sacri-
ficed 2 weeks after injection, and the subcutaneous tumours were

analysed by histological staining.

2.7 | Gastric mucosal tissue biopsy analysis

A 41-year-old woman with acute myeloid leukaemia received a bone
marrow transplant from a male donor. She had a history of chronic
gastritis, duodenal ulcer and H pylori infection. One year after trans-
plantation, endoscopic biopsies of gastric mucosal tissues were per-
formed, and short tandem repeat sequence (STR) PCR was used to
quantitatively analyse the chimerism of the gastric mucosal tissues.
At the same time, we performed fluorescence in situ hybridization
(FISH) analysis of the recipient's gastric mucosal sections using CEPY
(orange)/CEPX (green) dual-colour probes, and sequential sections
were used to analyse the properties of the BMDCs by immunofluo-
rescent staining of CD105 (red, a marker of BM-MSCs) or CD45 (red,
a marker of BM-derived leukocytes).

2.8 | Statistical analysis

SPSS 25.0 statistical software was used for data analyses. Data are
expressed as the mean +standard error or standard deviation of
at least three independent experiments. One-way ANOVA or the
independent-sample t test was used to compare differences be-
tween groups. The chi-square or Fisher's exact test was used for
categorical variables. P <.05 was considered statistically significant.

Information on protocols used for cell culture, characterization
of BM-MSC:s, culture of H pylori, micro-PET/CT imaging in vivo, qRT-
PCR, preparation of total cell extracts and western blot analysis,
CFSE-labeling assay, transwell migration assay, fluorescence immu-
nohistochemistry, immunohistochemistry for paraffin-embedded
sections, HE staining and Giemsa staining, flow cytometric analy-
sis, are provided in the Supporting information. All gene primer se-
quences are shown in Table S1.

3 | RESULTS

3.1 | BM-MSCs promote the development of H
pylori-associated gastric cancer in vivo

To explore the role of BM-MSCs in GC, BM-MSCs were iso-
lated (Figure S1) and locally transplanted into the stomach in mice
that had been infected with H pylori for 3 months. At 3 months

post-transplantation, histological analysis showed that the incidence
of high-grade gastric intraepithelial neoplasia (HGIN) and GC was
significantly higher in the Hp +BM-MSCs group than in the Hp group
(Figure 1A; 33.3% vs. 0%, P <.01). In addition, the incidence of low-
grade gastric intraepithelial neoplasia (LGIN) was significantly higher
in the Hp +BM-MSCs group (Figure 1A; 66.7% vs. 5%, P <.001).
In the Hp group, the incidence of inflammation was 70%, the inci-
dence of intestinal metaplasia was 25%, and the incidence of LGIN
was 5%. BM-MSCs transplantation did not promote the incidence
of GC in non-H pylori-infected mice (Figure 1A; BM-MSCs group vs.
SHAM group, P >.05). Representative histopathological results for
the SHAM group, Hp group, BM-MSCs group and Hp +BM-MSCs
group are shown in Figure 1B-E, and the staining images of H pylori
in gastric tissue were showed in Figure S2A-B. These results suggest
that BM-MSCs promote GC progression in mice with chronic H pylori

infection.

3.2 | BM-MSCs transplanted in mice with chronic H
pylori infection gradually migrate from the subserosa
to the mucosa and differentiate into pan-CK+gastric
epithelial cells or e-SMA+ CAFs.

GFP-labelled BM-MSCs were transplanted into the stomach in H
pylori-infected mice, and their distribution was tracked (Figure 1F-
G). At 3 days post-transplantation, laser confocal immunofluores-
cence microscopy showed that the transplanted cells had survived
and migrated from the subserosa to the submucosa (Figure 1G). At
3 months post-transplantation, the GFP-labelled BM-MSCs had mi-
grated from the serous layer to the mucosal layer in the Hp +BM-
MSCs group (Figure 1H), but no obvious migration was detected in
the BM-MSCs group by laser confocal immunofluorescence micros-
copy (Figure 1H) or flow cytometry (Figure S2C).

To further elucidate the specific role of BM-MSCs in GC patho-
genesis, we analysed the co-localization of GFP-labelled BM-MSCs
with expression of the CAF marker a-SMA or gastric epithelial
cell marker pan-CK (Figure 11-K). Laser confocal immunofluores-
cence analysis revealed co-localization of GFP and a-SMA (red)
expression (Figure 1J) as well as GFP and pan-CK (red) expression
(Figure 1K) in the Hp +BM-MSCs group. These results indicate that
BM-MSCs can differentiate into pan-CK+gastric epithelial cells and
a-SMA+CAFs.

3.3 | H pylori enhances the proliferation and
migration of BM-MSCs in vitro

Next, the effects of H pylori on the proliferation and migration of
BM-MSCs were evaluated. Proliferation was assessed using the
5-(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFSE)
dilution assay, in which the fluorescence intensity of CFSE is halved
with each successive cell division. The results of the CFSE assay

showed that as the concentration of H pylori supernatant increased
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FIGURE 3 BM-MSCs secrete the ECM-related protein THBS2 after coculture with H pylori. A, Significantly upregulated proteins (fold
change >1.5, P <.05) in BM-MSCs upon exposure to H pylori were detected by iTRAQ proteomics analysis. B, The top 20 results of biological
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<.05,** P <.01, ***P <.001
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FIGURE 4 Depletion of THBS2 reduces the tumour-promoting ability of BM-MSCs in both gastric cancer xenografts in nude mice and
chronic H pylori-infected mice. A, BM-MSCs were transfected with scrambled shRNA (negative control) or THBS2 shRNA. Transfection
was confirmed by the presence of red fluorescent protein. B, RT-qPCR confirmation of successful THBS2 gene depletion following THBS2-
specific sShRNA transfection (sh-THBS2) compared with NC transfection (sh-NC). C, Western blotting confirmation of successful THBS2
depletion following THBS2-specific shRNA transfection (sh-THBS2) compared with NC transfection (sh-NC). D, The effect of exposure
to H pylori (MOI: 50, 12 h) on the mRNA or protein expression of BM-MSCs transfected with scrambled shRNA or THBS2 shRNA. E,
Representative tumour images from nude mice 2 weeks after injection with SGCs alone, co-injection with SGCs and sh-NC-BM-MSCs, or
co-injection with SGCs and sh-THBS2-BM-MSCs. F-G, Tumour size and tumour weight in the SGC (Control), SGC +sh-NC-BM-MSCs and
SGC +sh-THBS2-BM-MSCs groups (n = 5 per group). H, IHC analysis of Ki-67 expression in tumour sections from the SGC, SGC +sh-NC-
BM-MSCs and SGC +sh-THBS2-BM-MSCs groups. |, Representative images of gastric mucosa histopathology in the SHAM, sh-NC-BM-
MSCs, sh-THBS2-BM-MSCs, Hp, Hp +sh-NC-BM-MSCs and Hp +sh-THBS2-BM-MSCs groups. J, Statistics of histopathological analysis
of the SHAM, sh-NC-BM-MSCs, sh-THBS2-BM-MSCs, Hp, Hp +sh-NC-BM-MSCs and Hp +sh-THBS2-BM-MSCs groups. The results are
representative of at least three independent experiments. Results are expressed as means +SD. NS, not significant, *P <.05, ** P <.01, ***

P <.001

(from MOI 0 to 100), the proliferation rate of BM-MSCs (M1, as
shown in Figure 2A) increased in culture in vitro (P <.01; Figure 2B).
The effect of H pylori on BM-MSC migration was evaluated by the
Transwell migration assay. The results showed that H pylori pro-
moted the migration ability of BM-MSCs in vitro (P <.01; Figure 2C).

3.4 | BM-MSCs promote the progression and
metastasis of gastric cancer in nude mice xenografts

The role of BM-MSCs in the tumorigenesis and metastasis of GC
was evaluated in xenografts in nude mice. Compared with the MFC
group, in which only MFC GC cells were transplanted, the subcu-
taneous tumour volume (Figure 2D-E; P <.001) and the Ki-67 pro-
liferation index (Figure 2F; P <.001) were significantly greater in
the MFC +BM-MSCs group. Laser confocal immunofluorescence
analysis of protein co-expression in the subcutaneous tumours also
showed that in the MFC +BM-MSCs group, GFP-labelled BM-MSCs
differentiated into a-SMA+cells (red) (Figure 2G).

To evaluate the effect of BM-MSCs on the metastasis of GC
xenografts in nude mice, micro PET-CT was used to detect distant
metastasis. Two weeks after transplantation, no distant metastasis
was observed in the control group, MFC group or MFC +BM-MSCs
group (Figure S3). Three weeks after subcutaneous transplantation,
abdominal metastasis was detected in the MFC +BM-MSCs group
(white circle; Figure 2H), while no obvious distant metastasis was
observed in the MFC group. Taken together, these results suggest
that BM-MSCs can promote GC progression and metastasis and can
differentiate into a-SMA+CAFs.

3.5 | H pylori stimulates THBS2 protein secretion by
BM-MSCs

Upon H pylori infection, BM-MSCs are recruited to the injured
stomach and exhibit the a-SMA+phenotype. However, the effects
of the H pylori infection microenvironment on BM-MSCs are not
clear. Studies have confirmed that CAFs mainly promote tumour oc-

currence and development by secreting cytokines.®?%> To identify

proteins potentially associated with the occurrence of GC, iTRAQ
protein quantification analysis was performed to detect the pro-
teins secreted by BM-MSCs upon exposure to H pylori. The results
showed that 23 proteins were upregulated in BM-MSCs after ex-
posure to H pylori compared with the untreated group (fold change
>1.5, P <.05; Figure 3A). According to GO biological process analy-
sis, KEGG pathway analysis and protein-protein interaction analy-
sis, the secreted proteins were mainly related to the extracellular
matrix (ECM) (Figure 3B-D). qRT-PCR analysis of the expression of
CAFs-related genes in BM-MSCs after H pylori exposure showed
that the mRNA level of THBS2 was most significantly upregulated
(Figure 3E).

3.6 | Depletion of the THBS2 gene reduces the
tumour-promoting ability of BM-MSCs

Next, we explored the effects of THBS2 expression in BM-MSCs on
GC progression. To this end, we transfected BM-MSCs with THBS2-
specific shRNA (Figure 4A) and verified that THBS2 gene/protein
expression was downregulated compared with the control group
transfected with scrambled shRNA (P <.001; Figure 4B-C). After
exposure to H pylori, THBS2 mRNA and protein expression were
significantly upregulated in BM-MSCs (P <.001; Figure 4D) but not
THBS2-depleted BM-MSCs (P >.05; Figure 4D).

In addition, our data showed that THBS2-depleted BM-
MSCs had lower tumour-promoting ability in GC xenografts in
nude mice compared with BM-MSCs without THBS2 knockdown
(Figure 4E-H). Similarly, in chronic H pylori-infected mice, the
incidence of GC was significantly lower in the Hp +sh-THBS2-
MSCs group than in the Hp +sh-NC-MSCs group (0% vs. 28%,
P <.01; Figure 41-)).

3.7 | Migration of allogeneic bone marrow-derived
cells to the stomach in a patient with H pylori infection

Analysis of the gastric mucosal tissues of a female patient with

acute myeloid leukaemia who received a BM transplant from a
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FIGURE 5 Migration of allogeneic bone marrow-derived cells to the stomach of a patient with H pylori-associated chronic gastritis.

A, HE staining of the gastric biopsy of a female patient with acute myeloid leukaemia who received a bone marrow transplant from a

male donor. B, Fluorescence in situ hybridization (FISH) analysis of the gastric biopsy tissue from the same patient using CEPY (orange)/
CEPX (green) dual-colour probes. C, Quantitative chromosome analysis by FISH. D-I, FISH analysis of localized areas of the gastric gland
with immunofluorescent staining of CD105 (red) or CD45 (red). Y chromosome-positive, CD105-positive and CD45-negative cells (white
arrows) around epithelial glands correspond to BM-MSCs. J, Data from The Cancer Genome Atlas showed that THBS2 gene expression is
significantly higher in gastric tumour tissues (T, n = 408) than in normal tissues (N, n = 211). K, Survival analysis showed that patients with
gastric cancer have poorer prognosis and a lower survival rate when THBS2 expression is high [HR =1.55 (1.29-1.85, P = 1.4e-06)]. *P <.05

male donor confirmed chronic gastritis (Figure 5A). Y-chromosome-
positive cells were detected in the gastric tissue by FISH (Figure 5B).
Among 100 cells examined by FISH, 61% were XX chromosome
cells, 17% were X chromosome cells, 18% were XY chromosome
cells, and 4% were Y chromosome cells (Figure 5C). These results
suggest that BMDCs are recruited to the stomach upon H pylori in-
fection. STR PCR analysis further revealed mixed chimerism in the
gastric tissues from the female patient (Figure S4), with a chimer-
ism rate of 53.4% (Table S2). To characterize the nature of the XY
chromosome cells (BMDCs), a combination of FISH and laser confo-
cal immunofluorescence microscopy was used. The result showed
that the BMDCs were positive for CD105 (a marker of BM-MSCs)
(Figure 5D-1). Taken together, these results show that allogeneic
BMDCs, including BM-MSCs, can migrate to the stomach under

chronic H pylori infection.

3.8 | Gastric cancer patients with high THBS2
expression have worse prognosis

Data from The Cancer Genome Atlas further confirmed that THBS2
gene expression is significantly higher in GC tissues than in normal
tissues (P <.05, Figure 5J). Survival analysis showed that GC patients
with high THBS2 expression had poorer prognosis and a lower sur-
vival rate [HR =1.55 (1.29-1.85), P = 1.4e-06; Figure 5K].

4 | DISCUSSION

The mechanisms by which BM-MSCs promote the occurrence and
development of chronic H pylori-associated GC in mice remain un-
clear. In this study, we established a mouse model of chronic H py-
lori infection with BM-MSCs transplantation and demonstrated that
BM-MSCs promote the development of H pylori-associated GC by
differentiating into pan-CK+epithelial cells and a-SMA+CAFs by se-
creting the protein THBS2. Furthermore, we verified that BMDCs,
including BM-MSCs, can migrate to the stomach under chronic H
pylori infection. The present study provides strong evidence that
BM-MSCs differentiate into epithelial cells and CAFs to participate
in the development of H pylori-associated GC in mice.

Previous studies have shown that BM-MSCs are recruited to
various types of tumour tissues.?®> We found that transplanted
BM-MSCs gradually migrated to the mucosa and promoted
the development of GC in chronic H pylori-infected mice but

not in mice without H pylori infection. We hypothesize that the

microenvironment of chronic H pylori infection might recruit BM-
MSCs to the injured mucosa, thereby promoting the development
of GC. We also confirmed the migration of BMDCs in a human pa-
tient. This patient, a woman with acute myeloid leukaemia, chronic
gastritis and H pylori infection, received a bone marrow transplant
from a male donor. We found a high chimerism rate in the gastric
mucosal tissue from the patient one year after transplantation, as
well as XY chromosome cells. The combination of FISH and laser
confocal immunofluorescence microscopy was further used to
analyse the nature of the XY chromosome cells (BMDCs) in gas-
tric tissue, and the result showed that the BMDCs were CD105
positive and CD45 negative. As known, CD105 is a marker of BM-
MSCs, and the CD45 is a marker of BM-derived leukocytes. But
there is also the possibility that the migratory cells are leukae-
mia cells internalizing the donor's male Y chromosome through
the process of cell fusion. On the whole, our results suggest that
BMDCs, most likely BM-MSCs, can migrate to the stomach in the
microenvironment of chronic H pylori infection, which may explain
the involvement of BMDCs in the occurrence and development of
chronic H pylori-associated GC.

Although some studies have confirmed that BM-MSCs are in-
volved in the occurrence of GC, there is no consensus on whether
BM-MSCs differentiate into gastric epithelial cells or CAFs.'8
Consequently, we examined the specific role and mechanism of BM-
MSCs in H pylori-associated GC. We found that BM-MSCs differen-
tiated into both epithelial cells and CAFs in mice with chronic H pylori
infection, thus both supporting and explaining the conflicting results
found in the previous literature.}”*

We also explored the mechanism of BM-MSCs as CAFs in H
pylori-associated GC. THBS2 has been linked to a variety of diseas-
es.37% Cao et al and Li et al both found that THBS2 gene expression
is significantly upregulated in GC and that patients with high THBS2
expression have poorer prognosis.*®*’ Zhou et al found that THBS2
gene expression is positively correlated with colon cancer develop-
ment and TNM stage.48 In our study, the results of proteomic iTRAQ
analysis and further verification confirmed that as CAFs, BM-MSCs
secrete the protein THBS2 to promote the development of GC in-
duced by chronic H pylori infection.

In summary, several key findings of this study should be empha-
sized. First, we confirmed that BMDCs, including BM-MSCs, migrate
to the H pylori-infected stomach. Second, BM-MSCs differentiate
into epithelial cells and CAFs in chronic H pylori-infected mice. Third,
BM-MSCs secrete the protein THBS2 to promote the progression of
chronic H pylori-associated GC. Therefore, THBS2 may be a potential

therapeutic target for chronic H pylori-associated GC.
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