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(TME) [2, 3]. In addition to immune cells, TME encom-
passes stromal cells, fibroblasts, and endothelial cells [4]. 
Among the stromal cells in TME, mesenchymal stem cells 
(MSCs) have garnered significant attention in recent years. 
Accumulating evidence suggests that GC-derived MSCs 
(GCMSCs) possess immunomodulatory capabilities, which 
play a pivotal role in tumor development [5–7]. Our pre-
vious researches have demonstrated that GCMSCs exert 
immunosuppressive effects through the secretion of soluble 
factors and exosomes [8, 9], contributing to tumor immune 
evasion [10]. Therefore, GCMSCs significantly promote 
growth, metastasis and drug resistance of gastric cancer, 
which is a major reason for the poor prognosis of patients 
[9]. However, the precise mechanisms underlying how 
GCMSCs facilitate tumor progression remain unclear.

Cancer progression is a lethal process involving tumor 
cells breaking away from the primary sites, entering the 
bloodstream, and spreading to distant tissues and organs 
[11]. The pathways through which solid tumors metasta-
size are varied, with lymphatic spread being a primary route 

Introduction

Gastric cancer (GC) is a prevalent malignant tumor world-
wide, characterized by high morbidity and mortality rates [1]. 
It is widely recognized that tumor recurrence and metastasis 
are not solely driven by the intrinsic behavior of tumor cells 
but also heavily influenced by the tumor microenvironment 
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Abstract
Our previous studies have highlighted the pivotal role of gastric cancer mesenchymal stem cells (GCMSCs) in tumor 
initiation, progression, and metastasis. In parallel, it is well-documented that endothelial cells (ECs) undergo functional 
alterations in response to challenging tumor microenvironment. This study aims to elucidate whether functional changes in 
ECs might be induced by GCMSCs and thus influence cancer progression. Cell proliferation was assessed through CCK-8 
and colony formation assays, while cell migration and invasion capabilities were evaluated by wound-healing and Tran-
swell assays. Immunohistochemistry was employed to examine protein distribution and expression levels. Additionally, 
quantitative analysis of protein and mRNA expression was carried out through Western blotting and qRT-PCR respectively, 
with gene knockdown achieved using siRNA. Our findings revealed that GCMSCs effectively stimulate cell proliferation, 
migration, and angiogenesis of human umbilical vein endothelial cells (HUVECs), both in vitro and in vivo. GCMSCs 
promote the migration and invasion of gastric cancer cells by inducing the expression of Slit2 in HUVECs. Notably, 
the inhibition of phosphorylated AKT partially mitigates the aforementioned effects. In conclusion, GCMSCs may exert 
regulatory control over Slit2 expression in ECs via the AKT signaling pathway, thereby inducing functional changes in 
ECs that promote tumor progression.
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[12], while hematogenous spread represents another signifi-
cant mode of dissemination [13]. Endothelial cells (ECs) 
form tightly connected monolayers that line the inner sur-
face of blood vessels [14]. They are pivotal components of 
the tumor microenvironment and metastatic niche [15]. Col-
lagenase [16] and tumor growth factors produced by cancer 
cells [17] can directly or indirectly cause ECs activation and 
promote angiogenesis at the tumor site to create a favorable 
environment for tumor metastasis. Furthermore, proteolytic 
enzymes released by cancer cells can degrade the basement 
membrane, which consists of extracellular matrix and vas-
cular endothelial cells [18]. This degradation enhances the 
penetration of tumor cells, allowing them to eventually set-
tle in distant tissues.

It has been documented that ECs can undergo pro-
metastatic phenotypic changes when exposed to the tumor 
microenvironment [19]. This transformation involves the 
acquisition of mesenchymal characteristics, marked by a 
notable increase in mesenchymal markers such as α-smooth 
muscle actin (α-SMA), N-cadherin (N-cad), and vimentin, 
along with the loss of endothelial markers like E-cadherin 
(E-cad) and CD31 [20, 21]. These changes are associated 
with enhanced endothelial cell proliferation, migration, and 
aggressiveness [22]. The cells take on a spindle-like shape, 
resulting in disorganized intercellular connections that facil-
itate the dissemination of tumor cells [23, 24]. Furthermore, 
endothelial cells within the tumor microenvironment tend to 
form more blood vessels, thereby providing a nutrient-rich 
environment that supports tumor growth [25]. Concurrently, 
the Slit2/Robo4 signaling pathway plays a significant role in 
angiogenesis and the maintenance of vascular homeostasis 
[26, 27]. Endothelium-derived Slit2 may serve as a recruit-
ment signal, promoting tumor cell migration and infiltration 
into the vasculature [28].

The objective of this study was to examine the impact of 
GCMSCs on endothelial cells function and their potential 
role in promoting GC cell migration. The results revealed 
phenotypic changes in endothelial cells and an increase in 
the expression of Slit2, which contributed to the recruitment 
of more GC cells. Additionally, it was observed that inhibit-
ing the expression of phosphorylated AKT could partially 
reverse this phenomenon. These findings provide new and 
valuable insights into a potential mechanism underlying the 
progression of gastric cancer.

Materials and Methods

GCMSCs, BMMSCs, Cell Lines, and Cell-Culture

GC tissues were obtained from patients undergoing surgical 
procedures at the Affiliated Hospital of Jiangsu University. 

GCMSCs were isolated and cultured following previously 
established protocols [7]. Fresh tissues, cut into approxi-
mately 1 mm³ pieces, were adhered to 35 mm cell culture 
dishes (Corning, USA) and cultured in α-MEM (Biosharp) 
containing 10% fetal bovine serum (FBS, Gibco) at 37 ℃ in 
a 5% COS2 environment. The culture medium was renewed 
every 3 days until fibroblast-like cells reached a confluence 
rate of approximately 80%. Identification of fibroblast-like 
cells was performed through lipogenesis and osteogenesis 
experiments. Flow cytometric analysis of the surface mark-
ers (CD19, CD29, CD34, CD45, CD90, and CD105) on 
GCMSCs was conducted [29, 30].

Bone marrow MSCs (BMMSCs) were isolated from 
healthy donors using the density gradient centrifugation 
method [31]. These cells were expanded to five passages for 
use in subsequent experiments. Para cancer tissues located 
more than 5  cm away from the tumor site were collected 
from the same patient as a control. Ethical approval for 
these procedures was obtained from the Ethics Committee 
of Jiangsu University, and informed consent was obtained 
from all subjects.

The human GC cell lines (SGC-7901, HGC-27) were 
cultured in RPMI 1640 medium (Gibco) with 10% FBS at 
37 ℃ in a humidified atmosphere with 5% CO2.

Human umbilical vein endothelial cells (HUVECs), 
commonly used as in vitro models of human vascular 
endothelial cells, were generously provided by Yan Yong-
min’s laboratory. These cells were cultured in high glucose 
DMEM medium (VivaCell) with 10% FBS for use in subse-
quent experiments.

Preparation of BMMSC Conditioned Medium 
(BMMSC-CM) and GCMSC Conditioned Medium 
(GCMSC-CM) and Co-Culture with HUVECs

BMMSCs and GCMSCs were cultured in cell culture flasks, 
and the culture medium was replenished when the cell den-
sity reached approximately 80%. After 48 h of replacing the 
nutrient solution, conditioned medium was collected and 
centrifuged at 2000 g for 10 min to eliminate cellular debris. 
The resulting supernatant was filtered through a 0.22  μm 
membrane (Millipore, Germany) and stored at -80 ℃. The 
supernatant was mixed with DMEM medium containing 
10% FBS at a 1:1 volume ratio to create GCMSC-CM or 
BMMSC-CM.

When the degree of cell fusion of HUVECs reached about 
70%, HUVECs were rinsed with PBS and then exposed to 
DMEM, GCMSC-CM, MK-2206 (10 mM, Beyotime), or 
GCMSC-CM combined with MK-2206 (50 nM) for 24 h in 
preparation for subsequent experiments.

MK-2206 is diluted with DMEM containing 10% FBS 
and stored at -80 ℃ according to the instructions.
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Cell Proliferation Assay

To assess the potential impact of GCMSCs on HUVECs’ 
proliferation, the cell counting kit-8 assay (CCK-8; Dojindo, 
Kyushu Island, Japan) was employed following the manu-
facturer’s instructions. HUVECs (2 × 103 cells/well, with 
four replicates per group) were seeded into a 96-well plate 
and cultured for 24 h until they adhered to the plate. Subse-
quently, 10 µL of CCK-8 solution and 90 µL of fresh culture 
medium were added to each well. The absorbance at 450 nm 
was measured at intervals of 0 h, 24 h, 48 h, and 72 h after 
treatment with or without GCMSC-CM.

Wound-Healing Assay and Transwell Migration 
Assay of HUVECs

To evaluate the influence of GCMSC-CM on HUVEC 
migration, wound healing assays and Transwell migration 
assays were conducted. When HUVECs in a six-well plate 
reached 90% confluence, a sterile pipette tip was used to 
create an artificial wound by scratching the monolayer. 
HUVECs were subsequently treated with GCMSC-CM, an 
equal volume of serum-free DMEM, or with or without the 
AKT inhibitor MK-2206 (50 nM). The width of the scratch 
was measured 24 h later. Image J was employed to measure 
and calculate the area that the cells had migrated into.

For the Transwell migration assay, 0.8 ~ 1 × 104 HUVECs 
that had been treated differently for 24 h were suspended in 
200 µL of serum-free DMEM and placed in the upper Tran-
swell chamber (Corning, NY, USA), which had an 8  μm 
pore size polycarbonate membrane, in 24-well plates. The 
lower chambers were supplemented with 600 µL of DMEM 
containing 10% FBS. Non-migrated cells on the upper sur-
face of the membrane were removed softly, and cells that 
had migrated through the membrane were fixed with 4% 
paraformaldehyde and stained with 0.5% crystal violet. The 
number of migrated HUVECs was counted from four ran-
domly selected fields.

Western Blotting

HUVECs were lysed on ice using RIPA buffer (Invitrogen, 
Carlsbad, CA, USA) containing protease inhibitors accord-
ing to standard protocols. The lysates were then centrifuged 
at 12,000 g for 15 min at 4 ℃. The protein concentration in 
the cell lysates was determined using the BCA Protein Assay 
Kit (Beyotime). A total of 20 µg of protein samples were 
separated on 10% SDS-PAGE gels and subsequently trans-
ferred onto polyvinylidene fluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA). Following blocking with 
5% skim milk for 1 h, the PVDF membranes containing the 
target fragments were incubated with primary antibodies 

overnight at 4 ℃. The primary antibodies used were against 
E-cadherin, N-cadherin, α-SMA, ZO-1, AKT, P-AKT (all 
diluted to 1:1,000, Cell Signaling Technology, USA), Slit2 
(1:1,000, Proteintech, USA), Vimentin (1:5,000, Protein-
tech, USA), GAPDH, and β-actin (1:4,000, Cell Signaling 
Technology, USA). Subsequently, the PVDF membranes 
were washed three times with TBST for 5 min each time. 
Goat anti-mouse and anti-rabbit secondary antibodies (both 
diluted to 1:3,000, Cell Signaling Technology, USA) con-
jugated with horseradish peroxidase were added and incu-
bated at room temperature for 1  h. Signals were detected 
using ECL reagents (Millipore, Billerica, MA, USA).

Tube Formation Assay

The effect of GCMSCs on the angiogenic ability of 
HUVECs was evaluated by tube formation assay. A 96-well 
plate was added with 50 µL/well Matrigel Basement Matrix 
(BD Pharmingen, San Diego, CA, USA), coagulating at 
37℃ for 1  h until dried. Then, HUVECs suspension (50 
µL/well) with a cell density of 2 × 104 cells were seeded on 
Endothelial Cell Medium (ECM) gel treated with or without 
GCMSC-CM in advance (four replication per group). After 
4 h of incubation at 37℃, tube formations were visualized 
and photographed with an inverted microscope. Number of 
branches and total branches length of per field were calcu-
lated using Image J.

Animal Tumor Model and Tumor Tissue 
Immunofluorescence

4 ~ 5-week-old male BALB/c nude mice (n = 6 for each 
group) were purchased from the GemPharmatech LLC 
(Nanjing, China). All studies performed were approved by 
the University Committee on Use and Care of Animals of 
Jiangsu University. The subcutaneous tumor models were 
established by injecting SGC-7901 (1 × 106). Starting from 
day 7, GCMSC-CM (200 µL) was injected peritumorally 
every two days. An equal volume of PBS was given as a 
control. The mice were euthanized on day 21 after tumor 
transplantation, and the tumor tissue was removed for path-
ological section preparation. CD31 (anti-CD31 antibody, 
1:100, Santa cruz) immunofluorescence staining was per-
formed on tumor tissue slices.

Immunofluorescence

When HUVECs grow to 80%~90% convergence on 14 mm 
cell crawls (Biosharp), cells were fixed with 4% parafor-
maldehyde and blocked with 5% BSA for 1 h. Then the cell 
climbing sheets were incubated overnight at 4 ℃ with the 
anti-rabbit-ZO-1 (1:200, CST). The secondary antibody 
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(Biocare Medical) and counter-stained with haematoxylin 
were compared and photographed under a microscope.

qRT-PCR Analysis

TRIzol reagent (Ambion) was used to extracted total RNA 
from HUVECs under different treatments with BMMSC-
CM or GCMSC-CM. cDNA synthesis was processed by 
a reverse transcription kit according to the manufacturer’s 
instructions (Cwbio). And then, qRT-PCR was performed 
in a reaction mixture according to the instructions. Primers 
employed were as follows: Slit2: forward, 5’-​A​G​C​C​G​A​G​G​
T​T​C​A​A​A​A​A​C​G​A​G​A − 3’, and reverse, 5’-​G​G​C​A​G​T​G​C​A​
A​A​A​C​A​C​T​A​C​A​A​G​A − 3’; GAPDH: forward, 5’-​G​G​A​G​C​
G​A​G​A​T​C​C​C​T​C​C​A​A​A​A​T − 3’, and reverse, 5’-​G​G​C​T​G​T​T​
G​T​C​A​T​A​C​T​T​C​T​C​A​T​G​G − 3’;

RNA Interference

Slit2 siRNA and negative control (NC) were purchased 
from RiboBio (Guangzhou, China). Cells transfection was 
performed according to the instructions. Briefly speaking, 
1 × 105 cells/well HUVECs were seeded in a 6-well cul-
ture plate. siRNA and the negative control inhibitor were 
transfected into HUVECs with 6 µL Lipofectamine® 2000 
reagent (Invitrogen, Thermo Fisher Scientific Inc.) until the 
cell density reaches about 70%. The interference efficiency 
was verified by western blotting 12 h later.

Colony Formation Assay

HUVECs were pre-cultured with GCMSC-CM, MK-2206 
(50 nM), or a combination of both for 24 h. 800 single cells 
of the three groups were seeded in 6-well plates in tripli-
cate. When the number of cells in most cell colonies reaches 
50 ~ 100, clonal formation is terminated. Cells were fixed 
with 4% paraformaldehyde and stained with 0.5% crystal 
violet solution (Sigma, USA) for 30 min. Colonies contain-
ing more than 50 cells were counted and photographed.

Statistical Analysis

Results were presented as mean ± standard deviation (SD). 
Using GraphPad Prism software 6.0 (GraphPad Software, 
La Jolla, CA, USA) to analyze data. The independent 
t-test between two groups or one-way analysis of variance 
(ANOVA) were performed to analyze statistically with 
SPSS 16.0 statistical software, and P-value < 0.05 was con-
sidered statistically significant.

(1:1,000, Abcom) was bound at 37℃ for 1 h and the nucleus 
was stained with Hoechst. Images were captured with a 
strured illumination microscopy (Nikon, SIM).

Transwell Migration and Invasion Assay of Tumor 
Cells

To verify whether GCMSC-CM treatment affected the 
recruitment ability of HUVECs to GC cells and the inva-
sion ability of GC cells to cross the endothelial matrix, we 
constructed two Transwell experimental models. HUVECs 
were spread in the lower chamber of 24-well plates in 
advance and pretreated with GCMSC-CM for 24 h. 8 × 104 
cells/200 µL of HGC-27 and SGC-7901 were resuspended 
with serum-free 1640 and added to the upper chamber. 
The number of their migration to the lower chamber was 
detected after 8 ~ 10  h. To explore whether GCMSC-CM 
affected HUVECs’ ability to recruit GC cells after the use 
of AKT inhibitors, Transwell migration experiments added 
MK-2206 (50 nM) along with GCMSC-CM treatment 
group, and other conditions remained the same. We diluted 
Recombinant Slit Homolog 2 (QCHENG BIO) to different 
concentrations (0 ng/ml, 100 ng/ml and 300 ng/ml) accord-
ing to the instructions and added it to the lower layer of the 
culture medium containing 10% FBS to assess the effect of 
exogenous overexpression of Slit2 on the migration ability 
of SGC-7901, HGC-27 and HUVECs.

In the invasion experiment, HUVECs were spread in the 
upper chamber of Transwell 24-well plates in advance to 
form a single cell layer and pretreated with GCMSC-CM 
for 24 h. 6 × 104 cells/200 µL of HGC-27-GFP and SGC-
7901-GFP were resuspended with serum-free 1640 and 
added to the upper chamber. After 8  h, we used a cotton 
swab to remove the cells that did not migrate. Migrated 
cells were fixed with 4% formaldehyde for 30 min and then 
photographed and counted three random fields for each well 
under the microscope (Nikon).

Immunohistochemistry

In order to more visually localize the expression of Slit2 in 
different tumor sites of gastric cancer patients, immunohis-
tochemical staining was performed. All patient slides were 
obtained from the Affiliated Hospital of Jiangsu University. 
Firstly, the tumor tissues, adjacent tissues and muscularis 
tissues were formalin fixed and embedded in paraffin, and 
then cut into 4 μm sections. They were dewaxed in xylene, 
rehydrated with gradient ethanol, and treated with citrate 
buffer to extract antigens. The sections were incubated with 
anti-Slit2 antibody (rabbit, 1:200, Abcom) overnight at 4 °C 
and were then treated with polyperoxidase-conjugated IgG 
(OriGene). The samples stained with diaminobidine solution 
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of HUVECs, leading to enhanced migration capability 
(Fig.  1D). Angiogenesis was detected after 4  h through 
tube formation assays. The number of branches and total 
branches lengths confirmed that GCMSC-CM, compared 
with the control group, promoted the proangiogenic activ-
ity of HUVECs (Fig. 1E). Coinciding with improved tube 
formation ability in vitro, vaso-specific marker CD31 was 
high expression in the tumor tissues of BALB/c nude mice 
after GCMSC-CM injected (Fig. 1F).

However, the observed upregulation of tight junctions’ 
protein zonula occludens-1 (ZO-1) and E-cadherin may be 
attributed to the more pronounced impact of GCMSC-CM 
on the angiogenesis of HUVECs compared to its effect on 

Results

GCMSC-CM Induced Functional Changes of HUVECs 
in Virto

CCK-8 assay showed that GCMSC-CM significantly 
increased cell proliferation of HUVECs at 72 h (Fig. 1A). 
Wound-healing assay and Transwell migration assay of 
HUVECs achieved the same result. After treatment with 
GCMSC-CM, the migration ability of endothelial cells was 
obviously enhanced (Fig. 1B, C). The stable increase in the 
expression of N-cadherin and Vimentin further suggests 
that GCMSC-CM may induce changes in the cytoskeleton 

Fig. 1  GCMSC-CM induced functional changes in HUVECs in Virto. 
(A) Cell counting kit-8 assay (CCK-8) was used to detect the absor-
bance value at 450 nm of HUVECs after treatment with GCMSC-CM 
for 0 h, 24 h, 48 h and 72 h. (B-C) GCMSC-CM promoted HUVECs 
migration as analyzed by wound healing assay, scale bar: 250  μm 
(B) and Transwell migration assay, scale bar: 100 μm (C). (D) The 
expressions of N-cadherin and Vimentin in HUVECs were detected 

and quantified. (E) GCMSC-CM increased the tube formation abil-
ity of HUVECs, Scale bar: 50 μm. Quantitative analysis of branches 
numbers and total branch lengths were presented. (F) The vascular 
formation ability of BALB/c nude mice in tumor tissues was compared 
by CD31 immunofluorescence staining. Scale bar: 50  μm. n = 4 per 
group. ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05
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experiment, to further elucidate how GCMSCs induce func-
tional alterations in HUVECs through the regulation of the 
pivotal protein Slit2, we compared the protein expression 
variations of Slit2 in HUVECs following treatment with 
BMMSC-CM and GCMSC-CM. Western blotting results 
showed that BMMSC-CM barely increased the protein 
expression of Slit2 (supplementary Fig. 2A). The quantita-
tive statistics of the relative expression of mRNA showed 
more clearly that GCMSC-CM had a more important effect 
on HUVECs (supplementary Fig.  2B). We employed two 
different treatment methods for HUVECs. Western blotting 
analysis showed that GCMSCs supernatant treatment has 
a stronger effect than co-culture with GCMSCs (Fig. 3A). 
At 24  h and 36  h (Fig.  3B), the expression of Slit2 in 
HUVECs were increased more apparently. Therefore, we 
chose GCMSC-CM treatment for 24  h for the follow-up 
experiment.

Next, to verify that up-regulation of endothelial Slit2 
expression promoted tumor metastasis, we used siRNA to 
interfere with Slit2 in HUVECs and verified the knock-
down efficiency (Fig. 3C). According to the result, we chose 
siRNA fragment 2 for subsequent experiments. The results 
of the Transwell migration assay were consistent with our 
expectations. The recruitment ability of HUVECs to SGC-
7901 was weakened compared with GCMSC-CM group 
and siSlit2 + GCMSC-CM group (Fig.  3D). Furthermore, 

the disruption of vascular tight junctions. This could lead 
to an overall increase in the expression of both ZO-1 and 
E-cad (supplementary Fig. 1A-C).

Changes in HUVECs Function Led to Enhanced 
Migration and Invasion Ability of Tumor Cells

To evaluate the different recruitment ability to tumor cells 
of HUVECs, we established a gastric cancer cell migration 
model (Fig. 2A). The results showed that endothelial cells 
treated with GCMSC-CM showed stronger recruitment 
ability to HGC-27 and SGC-790 (Fig. 2B, C). Since tumor 
metastasis needs to penetrate vascular endothelial structure, 
we constructed an alternative model to examine trans endo-
thelial invasion of cancer cells (HGC-27/SGC-7901/GFP) 
(Fig.  2D). There were significantly more GFP-labelled 
GC cells migrated through GCMSC-CM-treated HUVEC 
monolayer (Fig. 2E, F).

The Functional Changes of HUVECs Induced by 
GCMSC-CM may be Related to the Promotion of Slit2 
Expression

In our previous studies, we observed that GCMSCs exhibit 
a greater propensity to enhance tumor progression within 
the tumor microenvironment compared to BMMSCs. In this 

Fig. 2  The functional changes in HUVECs lead to enhanced migra-
tion and invasive capabilities of tumor cells. (A) Schematic illustra-
tion of HUVECs recruiting tumor cells. (B) Hematoxylin and eosin 
staining revealed the number of HGC-27 and SGC-7901 recruited by 
HUVECs in four different fields. Scar bar:50 μm. (C) Quantitative plot 

of recruited cells. n = 4 per group. (D) Model diagram of tumor cell 
infiltration into a monolayer of HUVECs. (E) HGC-27 or SGC-7901 
labeled with GFP penetrating through the endothelial cell layer were 
detected. Scar bar: 50 μm. (F) Quantitative plot of invasive cells. n = 4 
per group. ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05
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GCMSC-CM may Promote Slit2 Expression by 
Regulating AKT Phosphorylation, Leading to 
Functional and Recruitment Ability to Tumor Cells 
Changes in HUVECs

Western blotting results showed that the expression of phos-
phorylated AKT protein increased after GCMSC-CM treat-
ment (Fig. 5A). Then, we used MK-2206 (50nM) to inhibit 
AKT phosphorylation. At the same time, we observed 
inhibition in the expression of Slit2 when phosphorylated 
AKT expression was suppressed (Fig.  5B). The applica-
tion of MK-2206 reversed the increase in N-cad and E-cad 
expression induced by GCMSC-CM (Fig. 5C and supple-
mentary Fig.  3A). We repeated the previous experiments 
on endothelial cell migration ability. The results also dem-
onstrated that the use of p-AKT inhibitors attenuated the 
enhancement in HUVECs’ migration induced by GCMSC-
CM (Fig.  5D, E). In addition, we also employed overex-
pressed Slit2-N recombinant protein to recruit HUVECs 
in vitro. The results showed enhanced migration ability of 
HUVECs. This provides further evidence that GCMSCs 

we utilized recombinant human Slit2-N protein standard to 
overexpress exogenous Slit2. The results demonstrated that 
both 100ng/ml and 300ng/ml concentrations promoted the 
migration of SGC-7901 and HGC-27 cells, showing a dose-
dependent effect (Fig. 3E, F). These results suggested that 
GCMSCs may promote GC cells migration by upregulating 
the expression of Slit2 in endothelial cells.

Slit2 is Positively Correlated with the Expression of 
Mesenchymal Stem-Related Factors

We used SangerBox [31] to further verify the correlation 
factors that interact with Slit2 in gastric cancer, including 
vascular-related factors, tumor related factors, and perivas-
cular stem-related factors (Fig. 4A). Specifically, Slit2 was 
positively correlated with the expression of vascular endo-
thelial signature factor (VWF + PECAM1) (Fig. 4B), lym-
phatic endothelial factor (LYVE1 + PECAM1) (Fig.  4C) 
and perivascular mesenchymal stem signature factor 
(MUC1 + MUC2 + KRT18 + KRT19) (Fig. 4D). It was neg-
atively correlated with the expression of tumor related fac-
tors (THY1 + ENG + NT5E + VCAM1) (Fig. 4E).

Fig. 3  GCMSCs up-regulate the 
expression of Slit2 in endothe-
lial cells and promote tumor 
migration. (A) The expression 
of Slit2 in HUVECs co-cultured 
with GCMSCs or treated with 
GCMSC-CM was detected 
by western blotting. (B) Slit2 
expression was detected by west-
ern blotting after GCMSC-CM 
treatment for 24 h, 36 h and 48 h. 
(C) The efficiency of Slit2 knock-
down by siRNA in HUVECs 
was verified. (D) Transwell 
migration assay was employed 
to assess the ability of HUVECs 
to recruit SGC-7901 cell. n = 3. 
(E-F.) Schematic diagram and 
staining results of SGC-7901(E) 
and HGC-27 (F) recruited using 
different concentrations of human 
recombinant protein Slit2-N (0 
ng/ml, 100 ng/ml, 300 ng/ml), 
and the number of migrating cells 
was quantified. Scar bar: 50 μm. 
n = 3 per group. ****P < 0.0001, 
***P < 0.001, **P < 0.01 and 
*P < 0.05
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signaling inhibition in both HGC-27 and SGC-7901 cells 
(Fig. 5G, H).

The Expression of Slit2 is Higher in the Tumor 
Tissues of Gastric Cancer Patients

We observed that higher Slit2 expression was associated 
with poorer survival outcomes from GEPIA 2.0 database 

may influence cellular function by promoting the expres-
sion levels of Slit2 in HUVECs (supplementary Fig. 3B). 
The suppression of AKT signal also partially reduced the 
promotion on the proliferation of HUVECs cells (Fig. 5F). 
Similarly, Transwell migration assays were employed to 
assess alterations in the recruitment ability of HUVECs to 
GC cells following MK-2206 application. It was observed 
that the impact of GCMSC-CM was diminished upon AKT 

Fig. 4  The correlation factors interacting with Slit2. (A) Cor-
relation between vascular-related factors, tumor related factors, 
perivascular stem-related factors and Slit2 expression. (B) Cor-
relation between VWF + PECAM1 and Slit2. (C) Correlation 

between LYVE1 + PECAM1 and Slit2. (D) Correlation between 
MUC1 + MUC2 + KRT18 + KRT19 and Slit2. (E) Correlation between 
THY1 + ENG + NT5E + VCAM1 and Slit2
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Discussion

Several studies have consistently demonstrated that high 
angiogenic activity in endothelial cells is closely linked to 
advanced metastasis and recurrence in human cancers [26]. 
The process of tumor metastasis typically involves tumor 
cells initially invading the extracellular matrix [32], fol-
lowed by their entry into the bloodstream through vascular 
endothelial cells with compromised tight junctions. Ulti-
mately, these tumor cells disseminate to distant organs or 

(Fig.  6A, B). Higher Slit2 expression positively corre-
lated with advanced GC stage and shorter overall survival 
of patients. Next, we proceeded to further investigate the 
expression of Slit2 in gastric cancer patients in vivo. We 
investigated the expression and localization of Slit2 in GC 
tissues, para-cancerous tissues, and muscular tissues. As 
depicted in Fig.  6C, a higher abundance of Slit2 proteins 
was observed in proximity to blood vessels within tumor 
tissues.

Fig. 5  Inhibiting AKT phos-
phorylation can partially sup-
press the functional changes 
and recruitment abilities to GC 
cells in HUVECs induced by 
GCMSC-CM. (A) The protein 
expression changes of total AKT 
and phosphorylated AKT were 
detected by western blotting. (B) 
Slit2 expression was analyzed 
following p-AKT inhibition with 
MK-2206 (50 nM). (C) The 
use of MK-2206 (50 nM) can 
reduce the expression of N-Cad 
in HUVECs. (D-E) Wound 
healing experiments (D) and 
Transwell migration assays (E) 
were conducted to assess the 
impact of inhibiting p-AKT on 
the migration ability of HUVECs 
induced by GCMSC-CM. Scale 
bar: 250 μm and 50 μm respec-
tively. (F) Colony formation 
assay demonstrated the effects of 
GCMSC-CM and MK-2206 (50 
nM) on the proliferative capacity 
of HUVECs. (G-H) Transwell 
migration assay revealed the 
number of HGC-27 (G) and 
SGC-7901 (H) recruited by 
HUVECs in four different fields. 
Scar bar:50 μm. n = 3 per group. 
****P < 0.0001, ***P < 0.001, 
**P < 0.01 and *P < 0.05
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progression mediated by endothelial cells. In this study, we 
aimed to investigate the interplay between GCMSCs and 
HUVECs in the context of promoting gastric cancer pro-
gression and explore the potential underlying mechanisms.

It has been well-documented that endothelial cell pro-
liferation, migration [35], and angiogenic capacity [26] 
are fundamental prerequisites for tumor progression and 
metastasis [36]. In our study, we exposed HUVECs to 

tissues via the bloodstream [33]. Throughout this process, 
the tumor microenvironment plays a pivotal role [34]. As 
a significant stromal component within the tumor microen-
vironment, GCMSCs have been reported to possess immu-
nosuppressive functions and are also implicated in tumor 
angiogenesis and the remodeling of the extracellular matrix. 
However, it remains unclear whether there exists a correla-
tion between GCMSCs and the promotion of gastric cancer 

Fig. 6  The expression and localization patterns of Slit2 in gastric can-
cer patients. (A) GEPIA 2.0 database was used to analyze the expres-
sion of Slit2 in different stages of gastric cancer. (B) Kaplan-Meier 
analysis of overall survival for patients with GC based on Slit2 expres-

sion. (C) HE staining (left) and immunohistochemical staining were 
used to detect the expression and localization of Slit2 in gastric can-
cer. The staining results were analyzed quantitatively by pathological 
scores. n = 3 per group. Scale bar: 50 μm (left). Scale bar: 10 μm (right)
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To further elucidate this mechanism, we conducted Slit2 
knockdown experiments in HUVECs, revealing a reduction 
in the recruitment ability of HUVECs to GC cells. Addition-
ally, we observed enhanced migration ability of tumor cells 
upon treatment with overexpressed Slit2-N recombinant 
protein, demonstrating a dose-dependent effect. These find-
ings provide additional evidence supporting the hypothesis 
that GCMSCs may promote tumor progression by upregu-
lating the expression of Slit2 in endothelial cells.

Furthermore, we employed SangerBox to predict the fac-
tors that interact with Slit2 and found differences in four 
distinct aspects. The outcomes revealed a positive correla-
tion between the expression of Slit2 and vascular-related 
factors. Consistent with our experimental expectations, the 
expression of Slit2 also exhibited a positive correlation with 
mesenchymal stem-related markers.

Finally, our aim was to unravel the pathway by which 
GCMSC-CM influences the expression of Slit2 protein 
in endothelial cells, subsequently impacting the cellular 
functions of HUVECs. It has been reported that the PI3K/
AKT signaling pathway can modulate endothelial cell tube 
formation and tumor progression [26, 44]. Therefore, we 
evaluated the expression of AKT protein following treat-
ment with the GCMSC-CM. The results demonstrated a 
significant upregulation of p-AKT protein expression. To 
further establish the link, we utilized the phosphorylated 
AKT inhibitor to demonstrate that AKT signaling indeed 
regulates Slit2 expression in endothelial cells. Additionally, 
the expression of N-cad was also found to be inhibited. Con-
sistent conclusions were obtained that inhibition of the AKT 
signaling pathway could partially counteract the functional 
changes of HUVECs and the recruitment ability to GC cells.

Our research team previously employed gene chip 
technology to screen for differential cell factors between 
BMMSC-CM and GCMSC-CM, revealing that the expres-
sion levels of IL-6, IL-8, HGF, CCL11, MCP2, MCP3, and 
MIF were higher in GCMSC-CM compared to BMMSC-
CM [8]. These potential cell factors may induce phosphory-
lation changes in AKT. Furthermore, further studies have 
found a potential link between the tumor microenvironment 
immunotolerance mediated by GCMSCs and AKT phos-
phorylation mediated by IL-8 derived from GCMSCs [29]. 
These findings have given us confidence that the highly 
expressed soluble cell factors in GCMSC-CM may induce 
changes in endothelial cell function through the IL-8/Slit2/
PI3K/p-AKT/mTOR pathway, thereby promoting gastric 
cancer progression. In future research, we plan to use IL-8 
neutralizing antibodies to neutralize IL-8 in GCMSC-CM 
and continue to explore the downstream signaling mol-
ecules of Slit2, refine the regulatory pathways of GCMSC-
CM on HUVECs, and validate them in in vivo experiments.

GCMSC-CM and examined its impact on the prolifera-
tion and migration of HUVECs. Our findings revealed an 
enhancement in both of them. Furthermore, in vitro tube 
formation assays demonstrated that HUVECs treated with 
GCMSC-CM exhibited a more robust angiogenic capacity, 
which was in line with the outcomes of vascular formation 
assays conducted in BALB/c subcutaneous tumor-bearing 
nude mice. These results were further corroborated by West-
ern blotting analysis. The increased expression of N-cad and 
Vimentin suggested that endothelial cells may acquire fibro-
blast-like characteristics, experience a loss of tight intercel-
lular connections, and exhibit disruption in the vascular wall 
structure [37, 38].

Previous research has consistently observed that mesen-
chymal stem cells within TME can indeed facilitate tumor 
metastasis [39]. To delve deeper into whether GCMSCs 
promote tumor metastasis through their interactions with 
ECs, we optimized an in vitro tumor metastasis model based 
on prior research [40]. The results from Transwell experi-
ments revealed a significant enhancement in HUVECs’ 
ability to recruit GC cells and GC cells’ ability to traverse 
the HUVECs’ extracellular matrix after treatment with 
GCMSC-CM. These findings substantiate our hypothesis 
that GCMSCs can exert their influence on HUVECs to facil-
itate gastric cancer metastasis. The underlying mechanism 
is waiting for further investigations.

The role of the secreted protein Slit2, expressed by vas-
cular endothelial cells, has been extensively investigated. 
Slit2 is known to regulate the migration and osmotic activity 
of endothelial cells by binding to its receptor Robo [41, 42]. 
Also, Slit2 has been shown to promote vascular infiltration 
and the migration of cancer cells into endothelial cells [40, 
43]. Analyses from the GEPIA 2.0 database indicated that 
Slit2 expression in gastric adenocarcinoma correlates with 
the progression and prognosis of gastric cancer.

In our study, we aimed to examine the expression of 
Slit2 in HUVECs treated with GCMSC-CM or co-cultured 
with GCMSCs. The results indicated that compared to co-
culturing HUVECs with GCMSCs for 24  h, direct treat-
ment with GCMSC-CM for 24 h significantly upregulated 
the expression of Slit2. This observation could be attributed 
to the interplay between the two cell types during co-cul-
ture, where the number of GCMSCs seeded in the well was 
notably lower than that of HUVECs, potentially resulting 
in HUVECs suppressing the secretion of certain cytokines 
by GCMSCs. Alternatively, the shorter duration of co-
culture might mask the effect of GCMSCs on augmenting 
Slit2 protein levels in HUVECs. Remarkably, BMMSCs 
did not elicit a similar effect, indicating that certain soluble 
factors secreted by GCMSCs in the supernatant might be 
responsible.
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