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Abstract
Lymph node (LN) metastasis of gastric cancer (GC) is one of the important pathways of GC metastasis, indicating 
the clinical staging and prognosis of patients. To investigate the underlying mechanism during the process of 
GC-induced LN metastasis, 7 pairs of GC tissues, paracancerous (PC) tissues, GC-positive LN (LN.P) and GC-negative 
LN (LN.N) tissues from GC patients with homogeneity were selected for RNA sequencing (RNA-seq) analysis. Tensin 
4 (TNS4) was screened out and found to be significantly upregulated in LN.P tissues and closely related with the 
characteristics of GC. In vitro and in vivo experiments demonstrated that knockdown of TNS4 could significantly 
inhibit LN metastasis of GC cells and activation of fibroblastic reticular cells (FRCs) in LNs, thus inhibiting LN 
expansion induced by tumor cell invasion. Moreover, TNS4 was found to be interacted with integrin beta 1 (ITGB1) 
on FRCs, thereby affecting the binding of transforming growth factor β1 (TGF-β1) to ITGB1 and subsequently 
regulating downstream signaling molecules, and supporting the GC cell-induced LN metastasis.
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Introduction
According to Cancer Statistics in 2020, gastric cancer 
(GC) is one of the most common malignant digestive 
system tumors, ranking sixth in the global incidence 
rate and third in mortality respectively [1]. The disease is 
prevalent in East Asian countries such as China, Japan, 
and South Korea [2]. The pathogenesis of GC is relatively 
insidious and invasive, leading to a diagnosis at advanced 
stages, often accompanied by distant organ metastases 
such as the liver [3–6]. Lymph node (LN) metastasis of 
GC is one of the important pathways of metastasis, usu-
ally occurring in a proximal to distal or skip manner 
[7–10]. The LN metastasis status of GC indicates the 
clinical staging and prognosis of patients and has impor-
tant guiding significance for corresponding treatment in 
clinical practice [11, 12]. Therefore, clarifying the molec-
ular mechanisms related to LN metastasis in GC and 
exploring effective diagnostic and treatment methods are 
essential for improving the prognosis of GC.

Tensin was identified as a protein that maintains the 
tension of actin filaments [13]. Until now, four mem-
bers of the tensin family have been found in mammals, 
namely the earliest discovered tensin 1 (TNS1), as well as 
three other tensin 2 (TNS2), tensin 3 (TNS3), and ten-
sin 4 (TNS4) discovered for new tensin family members 
with broad sequence homology to TNS1 [14–17]. These 
four members of the tensin family all contain the SH2 
functional domain and phosphotyrosine binding domain 
at the C-terminus, which enables tensin to interact with 
key molecules on multiple signaling pathways. The TNS 
family proteins also play crucial roles in the occurrence 
and development of tumors. While evidence suggests 
that TNS2 has an inhibitory effect on tumors, the cor-
relation between TNS1-3 expression and carcinogenic 
effects, especially in colorectal cancer (CRC) and pan-
creatic ductal adenocarcinoma (PDAC), has potential 
clinical significance [18, 19]. Recent reports have dem-
onstrated that TNS4 expression in esophageal squamous 
cell carcinoma (ESCC) is regulated by the transcription 
of Epidermal Growth Factor receptor (EGFR) and mito-
gen-activated protein kinase (MAPK) pathways [20]. In 
addition, studies have shown that TNS4 is stimulated 
by KRASG12D and SRY-related HMG box transcrip-
tion factor 17 (SOX17) in intrahepatic cholangiocarci-
noma (ICC), thereby exerting its role in promoting tumor 
occurrence and development [21]. However, there have 
been few reports on the function and role of TNS4 in LN 
metastasis of GC until now. The underlying molecular 
mechanism is still unclear.

In this study, we performed quantitative real-time 
quantitative PCR (qPCR) and Western Blotting on human 
patient tissues, founding that TNS4 gene is significantly 
upregulated in GC-positive LN (LN.P) tissues compared 
to GC-negative LN (LN.N) tissues, and investigated the 

biological functions of TNS4 in LN metastasis of GC. 
Then, in vitro experiments using mouse cell lines and in 
vivo experiments using mouse models demonstrated the 
promotive effects of TNS4 on the process of LN metas-
tasis in GC. We used foot pad-tumor induced LN metas-
tasis model for in vivo experiments, a commonly used 
LN metastasis model [22]. By injecting tumor cells into 
the mouse foot pad and collecting draining lymph nodes 
(DLNs), tumor inducedLN metastasis can be evalu-
ated by comparing the size of LNs. Moreover, TNS4 was 
found to play an important role in regulating the TGF-
β1 related signaling pathway by interacting with ITGB1, 
thus promoting LN metastasis in GC.

Methods
Regents
The primary antibodies used in the experiment include 
TNS4 (11580-1-AP, Proteintech, China), ITGB1(12594-
1-AP, Proteintech, China), SMAD2(200790, 
ZEN-BIOSCIENCE, China), SMAD3(R22774, ZEN-BIO-
SCIENCE, China), p-SMAD2(R22952, ZEN-BIOSCI-
ENCE, China), p-SMAD3(380775, ZEN-BIOSCIENCE, 
China), AKT(R23411, ZEN-BIOSCIENCE, China), 
p-AKT(R22961, ZEN-BIOSCIENCE, China), TGF-
β1(R22797, ZEN-BIOSCIENCE, China).

Patients’ enrollments and samples
To enroll patients, strict inclusion and exclusion criterias 
were carried out. Inclusion criteria: (1) Pathological diag-
nosis: GC patients were diagnosed preoperative histo-
pathologically or cytologically; (2) Treatment status: The 
patients did not receive any preoperative radiotherapy 
or chemotherapy treatment; (3) Informed consent: The 
patients voluntarily participated and signed an informed 
consent form; (4) Clinical data: There were relatively 
complete clinical data and information on diagnosis 
and treatment. Exclusion criteria: (1) There was no clear 
pathological result to prove GC, and pathology cannot 
distinguish it clearly; (2) There were no detailed imaging 
evaluation results and treatment status; (3) The patients 
were in poor physical condition, or unable to tolerate rel-
evant examinations or surgeries, or in poor basic physical 
conditions affecting prognosis, or having serious postop-
erative complications. Based on the above inclusion and 
exclusion criteria, the clinical pathological data and prog-
nosis information of patients were statistically analyzed.

7 pairs of fresh human GC tissues, paracancerous (PC) 
tissues, LN.P and LN.N tissues from GC patients, were 
collected from the Department of Gastrointestinal Sur-
gery, Renji Hospital, School of Medicine, Shanghai Jiao 
Tong University. All patients had not received radiother-
apy, chemotherapy or other related anti-tumor therapies 
before surgery. These 7 pairs of samples were used for 
RNA sequencing (RNA-seq). Besides, there are other 2 
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unpaired fresh GC tissues and metastatic LN tissues col-
lected from Renji hospital, together with 7 pairs of tissues 
mentioned before, constituting 9 cases used to perform 
qPCR. In addition, GC-induced LN metastatic tissue 
microarrays, used to perform Immunohistochemistry 
(IHC), containing 200 cases of formalin- preserved GC 
- PC - metastatic/non-metastatic LN tissues collected 
from Renji hospital.

The study was approved by the Research Ethics Com-
mittee of Renji Hospital, School of Medicine, Shang-
hai Jiao Tong University. Written informed consent was 
provided before enrollment. Approval letter of Shanghai 
Jiaotong University School of Medicine, Renji Hospital 
Ethics Committee is KY2024-046-C.

RNA-seq
RNA-seq was performed to detect these 7 pairs of clini-
copathological samples and analyze genes differentially 
expressed during the process of GC-induced LN metas-
tasis. Total RNA of samples was isolated using TRIzol 
reagent for RNA sequencing according to the manufac-
turer’s instructions. All samples were sent to Tiangen 
Biotech Co., Ltd. (Beijing, China) and the standard RNA-
seq process was carried out.

The RNA-seq data from this study have been deposited 
on the NCBI (http://www.ncbi.nlm.nih.gov/) database 
under the umbrella BioProject PRJNA1160027.

Cell culture
The mouse GC cell line mouse forestomach carcinoma 
(MFC) cells were cultured in RPMI 1640 (L210KJ, Basal 
Media, China). The cell culture system was supplemented 
with 10% FBS (DCF-201-0500, Dcell, China) and 1% pen-
icillin/streptomycin (S110JV, Basal Media, China). Cells 
were cultured at 37 °C in a humidified chamber with 5% 
CO2.

Cell co-culture
Transfect sh-TNS4 plasmid into MFC cells. After 48  h 
of transfection, lay a 24-well plate. Set groups as vehi-
cle group, FRCs + sh-NC MFC, FRCs + sh-TNS4 MFC. 
The cell density in each well is 2000 cells per well. After 
48 h of co-cultivation, tale visible light and then perform 
immunofluorescence staining.

Transfect si-ITGB1 into FRC cells and si-TNS4 into 
MFC cells. After 48  h of transfection, lay in a 6-well 
plate. 48  h later, partial digestion was performed using 
0.05% trypsin to digest FRCs and then extract pro-
tein. The experimental groups were set as FRCs + MFC, 
si-NC FRCs + si-NC MFC, si-NC FRCs + si-TNS4 MFC, 
si-ITGB1 FRCs + si-NC MFC, si-ITGB1 FRCs + si-TNS4 
MFC.

Cell transfection
Before transfection begins, the culture medium of 
each well was replaced with a fresh serum-free culture 
medium. Taking the transfection of a single well as an 
example, prepare a 1.5  ml sterile centrifuge tube. Then, 
2 µg of the shRNA was diluted with 200 µl of jetPRIME 
® Buffer (101000046, Polyplus transfer, France). Then 5 µl 
of reagent was added into the buffer. Vortex again for 
10 s, invert and mix well. 200 µl transfection mixed solu-
tion was added to each transfection well. After 4–6 h, the 
culture medium of each well was replaced with a fresh 
culture medium containing 10% FBS (DCF-201-0500, 
Dcell, China). Perform functional experiments 48 h after 
transfection.

Western blotting
RIPA lysate (YSD0100, Yoche, China) were used to 
extract protein. Add 5 × loading buffer (WB2001, NCM, 
China) to each centrifuge tube and soak in a water bath at 
100 ℃ for 10 min. Electrophoresis at 80 V for 30 min and 
at 120 V for 60 min, followed by SDS-PAGE electropho-
resis to separate protein extracts. The membranes were 
sealed with 5% skim milk powder (232100, BD, USA) at 
room temperature for 1  h. Incubate primary antibody 
overnight at 4℃. Incubate secondary antibody at room 
temperature for 1  h. Bands were developed using lumi-
nescent liquid (P10300, NCM, China).

In this study, TNS4 expression level was evaluated in 
fresh human GC tissues by western blotting. And then, 
TNS4 knockdown efficiency was evaluated in mouse GC 
cell lines (MFC) by western blotting. Besides, the expres-
sion level of p-SMAD2, SMAD2, p-SMAD3, SMAD3, 
TGF - β 1, p-AKT and AKT in mouse FRCs were assessed 
by western blotting.

qPCR
RNA was extracted using trizol (9109, Takara, Japan) 
and stored at -80℃. Use the 2 Step Real-time RT-PCR 
kit (RR036A, Takara, Japan) for reverse transcription of 
RNA. Configure the 10  µl reverse transcription system 
according to the instructions and perform the reverse 
transcription reaction at 37  °C for 15 min and 85 °C for 
5 s. The DNA was stored at -20℃. Perform qPCR reac-
tion using the 2X Universal Blue SYBR Green qPCR Mas-
ter Mix Kit (G3326, servicebio, China). qPCR reaction 
was conducted in ViiA ™ 7 (Applied Biosystems ™, USA). 
The cyclic parameters consisted of an initial hotstart step 
at 95 °C for 30 s, followed by 40 repetitions of 95 °C for 
15 s and 60 °C for 30 s. The melting curve was set accord-
ing to the instrument’s default settings. The primers used 
in the experiment are shown in the table below. The data 
is calculated using the following formula: (1) ΔCq = Cq 
(sample) - Cq (reference) (2) ΔΔCq = Δ Cq (sample) - Δ 
Cq (calibrator) (3) Fold change = 2^(-ΔΔCq).

http://www.ncbi.nlm.nih.gov/
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In this study, the expression level of TNS4 was assessed 
in fresh human GC tissues using qPCR. Subsequently, 
the knockdown efficiency of TNS4 was evaluated in the 
mouse GC cell line (MFC) via qPCR.

TNS4-F(human) AGCCAGGGGCTTTTGTCATAA
TNS4-R(human) AGACGACTCGATGAGGAAGTG
TNS4-F(mouse) TGTCCTTACTACACCACAGAGAG
TNS4-R(mouse) CCAGGGAGAAGTCAATGCAAG
α-SMA-F(mouse) GTCCCAGACATCAGGGAGTAA
α-SMA-R(mouse) TCGGATACTTCAGCGTCAGGA
Col1a1-F(mouse) TTCTCCTGGCAAAGACGGAC
Col1a1-R(mouse) CTCAAGGTCACGGTCACGAA

Immunohistochemistry staining
The samples were placed on a 60℃ baking machine for 
1 h of dewaxing. The samples were hydrated according to 
the steps. The slides were put into a sodium citrate solu-
tion, boiling for 10  min. The samples were treated with 
3% H2O2 for 30  min. The samples were sealed at room 
temperature with 10% BSA for 1  h. Drop 100  µl of pri-
mary antibody onto each sample in a wet box and incu-
bate overnight at 4 ℃. Drop 200 µl of secondary antibody 
onto the samples in a wet box and incubate at room 
temperature for 1  h. Prepare DAB solution (SB-D6077, 
Share-Bio, China) according to the instructions. 100 µl of 
DAB was added to each slide, and react for 10 s. Dehy-
drate the samples according to the steps. Seal with neu-
tral resin [4, 23, 24].

For IHC experiment, negative control and positive 
control were set in advance. Primary antibodies were 
replaced with PBS as negative controls. Positive expres-
sion samples were used as positive controls.

Each sample was evaluated by this rule: according to 
the proportion of positive areas, it is divided into 0–3 
points, 0–5% for 0 points, 5–30% for 1 point, 30–60% for 
2 points, and 60–100% for 3 points, 0 and 1 were consid-
ered as low expression level, 2 and 3 were considered as 
high expression level.

In this study, TNS4 expression was first evaluated in 
human GC microarrays using IHC and subsequently 
assessed in mouse lymph node (LN) tissues by IHC. 
Additionally, the expression levels of α-SMA, Sirius Red, 
and ITGB1 in mouse LN tissues were also evaluated 
using IHC.

Immunofluorescence (IF)
Discard the culture medium from the 24-well plate and 
wash with PBS three times for 5  min each time. Fix at 
room temperature with 4% paraformaldehyde (P1110, 
Solarbio, China) for 30  min. The wells were perforated 
with PBS containing 0.1% triton X-100 (T8200, Solar-
bio, China) for 10  min. The wells were then sealed at 
room temperature with 5% BSA (4240GR005, biofroxx, 

Germany) for 1  h. The wells were incubated with pri-
mary antibody overnight at 4  °C, and then incubated 
with secondary antibody at room temperature for 1  h. 
Finally, 200 µl 10 µg/µl DAPI solution were added to each 
well, incubating at room temperature for 10 min. Extract 
the cell slides and seal them with an anti-fluorescence 
quenching agent (S2100, Solarbio, China). The immuno-
fluorescence slides were temporarily stored at 4℃ and 
captured using a confocal microscope within a week.

Co-immunoprecipitation (Co-ip)
For HA-based immunoprecipitation, cell lysates of mice 
fibroblasts transfected with HA-tagged TNS4 or control 
were subjected to immunoprecipitation with anti-HA 
monoclonal antibody (05-904, Millipore, USA) or control 
IgG overnight and then incubated with protein A/G mag-
netic beads (Invitrogen, 10003D, USA) over night at 4 °C. 
The beads were washed three times in lysis buffer, after 
which the immunoprecipitated protein complexes were 
resuspended in 2 × loading buffer followed by western 
blot analysis.

TGF-β1 neutralization
TGF-β1 neutralizing antibody (Monoclonal Antibody 
2E6, Invitrogen, USA) was used to treat FRCs which were 
co-cultured with MFC cells at a concentration of 10 µg/
ml (1:100).

Mouse model
Mouse model was used to explore the function of TNS4 
in shorter time rather than using human model. 6–8 
weeks of C57BL6/J male mice were purchased from 
Shanghai Jiesijie Experimental Animal Co., Ltd, and ran-
domly grouped. We made sure that the weight and physi-
ological condition of mice in each group were the same. 
The animal experiments were approved by the Renji Hos-
pital Animal Ethics Committee (ID: 2024-066).

To investigate the role of TNS4 during the process of 
GC-induced LN metastasis, MFC cells were selected, a 
mouse-derived GC cell line with high expression level 
of the TNS4 gene for the experiment. Before injec-
tion, TNS4 gene was knocked down using shRNA in 
MFC cells, and the interference efficiency of TNS4 was 
detected by western blotting or real-time PCR. By inject-
ing 25 µl MFC cells into mouse footpads, a LN metastasis 
model in C57BL6/J mice was created. The control group 
was injected with MFCs-NC cells, while the experimental 
group was injected with MFCs-sh-TNS4 cells. All mice 
were euthanized by spinal dislocation after carbon diox-
ide anesthesia. The distal DLNs, located at the inguinal 
region of mice, were collected for observation at 7  day 
and 15 day after inoculating the tumor cells. Sample size 
calculation followed this rule: Volume = length * width^2 
/2.
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To investigate the function of ITGB1 on TNS4, ITGB1 
inhibitors were injected into mouse fat pads on day 0, day 
5, and day 10, respectively. The groups were set as: MFC-
vehicle group, MFC-sh-TNS4 group, inhibitor group and 
MFC-shTNS4 + inhibitor group. MFC-vehicle group was 
set as the control group. Mouse DLNs were collected on 
day 7 and day 15. Photos were taken and the size of each 
lymph node were measured.

Statistical analysis
If there are no special instructions, data were presented 
as the means ± standard errors of the mean (SEMs). The 
statistical analyses of the characteristics of GC were done 
using SPSS 16.0 for Windows (IBM). Other statistical 
analyses were performed using GraphPad Prism 5 for 
Windows. One-way ANOVA or two-tailed Student’s t 
test was used for comparisons between groups. Values of 
P < 0.05 were considered statistically significant.

Results
TNS4 was up-regulated in GC metastatic LN tissues and 
closely related with the characteristics of GC
In this research, we selected 7 pairs of tissue samples 
from GC patients with homogeneity (similar pathological 
features such as primary lesion infiltration, LN metasta-
sis, WHO pathological classification, etc.) for RNA-seq 
analysis. Each pair of tissue samples included GC tissues, 
PC tissues, LN.P and LN.N tissues.

To identify the key molecule driving LN metasta-
sis of GC, RNA sequencing was performed to detect 
these 7 pairs of clinicopathological human patient sam-
ples and analyze genes differentially expressed during 
the process of GC-induced LN metastasis (BioProject: 
PRJNA1160027) (Supplemetary Table 1). We found that 
the expression of the TNS4 gene was significantly up-reg-
ulated in human GC and GC metastatic LNs, compared 
to PC and GC non-metastatic LN tissues (Fig.  1A). To 
validate these findings, we performed qPCR on human 
GC - PC- metastatic/non-metastatic LN tissues. It was 
found that TNS4 was significantly up-regulated in GC 
metastatic LN tissues (Fig. 1B and C). To further inves-
tigate the expression level of TNS4 in tissues, we used 
western blotting to detect the expression of TNS4 protein 
in 3 pairs of human GC - PC - metastatic/non-metastatic 
LN tissues. We found that TNS4 was upregulated in GC 
and metastatic LN tissues, especially in metastatic LN 
tissues (Fig. 1D and E). These results demonstrated that 
TNS4 is significantly up-regulated during the process of 
LN metastasis in GC.

To further investigate TNS4 expression, we performed 
IHC staining on human patient GC-induced LN meta-
static tissue microarrays (containing 200 cases of GC 
- PC - metastatic/non-metastatic LN tissues). It was 
revealed that TNS4 showed high expression in both GC 

and metastatic LN tissues compared to PC tissues and 
LN. N tissues (Fig.  1F). The high expression was espe-
cially obvious in LN.P tissues that underwent invasive 
metastasis of GC. Meanwhile, a comparison between 
TNS4 in metastatic LN and non-metastatic LN tissues 
of GC showed that TNS4 was significantly up-regulated 
in 71.15% of all metastatic LN tissues (Fig. 1G). Human 
patient LN tissues’ pathological characterization revealed 
that the expression of TNS4 was closely associated with 
LN metastasis as well as TNM staging in GC patients, 
suggesting that TNS4 might play an important regula-
tory role in the process of LN metastasis in GC (Table 1). 
Meanwhile, the Multivariable risk factor analysis also 
indicated that TNS4 was closely correlated with T factor 
of TNM staging in GC patients (Table 2).

Knockdown of TNS4 inhibits GC cell-induced LN metastasis 
and FRC activation in vivo
By injecting MFC cells into mouse footpads, we con-
structed a LN metastasis model in C57BL6/J mice. We 
collected the distal DLNs for observation at 7  day and 
15 day after inoculating the tumor cells (Fig. 2A). Before 
injection, we knocked down TNS4 using shRNA in 
MFC cells, and the interference efficiency of TNS4 was 
detected by western blotting or real-time PCR (Fig. 2B). 
Then TNS4 silenced and control MFC cells were inocu-
lated into the footpad of 5–6 weeks old C57BL6/J mice 
respectively, and the DLNs were collected at day 7 and 
day 15. It was found that the knockdown of TNS4 sig-
nificantly suppressed the expansion of DLNs induced by 
the MFC cells (Fig. 2C). Statistical analyses also indicated 
that the knockdown of TNS4 could inhibit the increase 
of LN volume and weight (Fig. 2D and E). To clarify the 
localization of TNS4 in LNs, we performed immunofluo-
rescence (IF) staining of metastatic LN tissues at 15 day. 
The results revealed co-localization of TNS4 and pan-
cytokeratin (pan-CK), indicating that TNS4 expression 
was mainly localized on tumor cells invading and metas-
tasizing into LNs (Fig. 2F).

Moreover, by performing IHC staining and Sirius red 
staining of those mouse LN tissues at 15  day, we found 
that the expression of pan-CK, the marker indicating the 
status of metastatic GC cells, was significantly decreased 
in the LN tissues of the TNS4-silenced group compared 
with that in the control group. A reduction in TNS4 
expression was also observed (Fig.  2G and H). In addi-
tion, the expression of a-SMA and extracellular collagen 
deposition were found to be decreased, indicating that 
the activation status of fibroblastic reticular cells (FRCs), 
which determines the degree of LN swelling, was signifi-
cantly reduced (Fig.  2I and J). These results suggested 
that knockdown of TNS4 could significantly inhibit LN 
metastasis of GC cells and activation of FRCs in LNs, 
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Fig. 1  TNS4 was up-regulated in GC tissues and especially had a high expression in tumor cells invaded LNs. (A). RNA-seq analysis of 7 pairs of clinical 
samples of GC, PC, LN.P and LN.N tissues; (B). The mRNA expression of TNS4 in GC, PC, LN.P and LN.N tissues; (C). The mRNA expression of TNS4 in 7 paired 
GC, PC, LN.P and LN.N tissues; (D and E). The protein expression of TNS4 in 3 paired GC, PC, LN.P and LN.N tissues (D). The statistical result of TNS4 expres-
sion in the 3 pairs of tissues is shown on the right (E); (F). IHC staining of TNS4 in GC-induced LN metastatic tissue microarray (containing 200 cases of 
GC - PC - metastatic/non-metastatic LN tissues). Scale Bar: 200 μm; (G). The expression changes of TNS4 in GC-induced metastatic/non-metastatic LN 
tissues. *P < 0.05;** P < 0.01;NS: no significance
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thus inhibiting LN expansion induced by tumor cell 
invasion.

Silencing of TNS4 inhibits GC cell-induced FRC activation 
in vitro
During the process of GC cell-induced LN metastasis, 
FRCs are activated, leading to alterations in the internal 
microenvironment and consequent LN expansion. To 

investigate the functional role of TNS4 in the interaction 
between GC cells and FRCs, we isolated primary FRCs 
from mouse LNs and co-cultured with MFC cells (the 
TNS4-silenced group and the control group) (Fig.  3A). 
The results of visible light and a-SMA staining showed 
that co-culture of MFC cells with FRCs significantly led 
to the activation of FRCs, while knockdown of TNS4 in 
MFC cells significantly inhibited the activation of FRCs 
(Fig.  3B and C). After observing the fully activated and 
partially activated FRCs in visible light images, it was 
also found that the knockdown of TNS4 in MFC could 
inhibit the activation of FRCs (Fig.  3D). Furthermore, 
real-time PCR was used to detect the FRC activation-
related characteristic genes such as a-SMA and Col1a1 
after obtaining the FRCs of each group through stepwise 
digestion. It was found that co-culture of MFC cells with 
FRCs resulted in a significant upregulation of a-SMA 
and Col1a1, which could be attenuated by knockdown of 
TNS4 (Fig. 3E and F). All these data indicated that TNS4 
is involved in the interaction between GC cells and FRCs.

TNS4 directly interacts with ITGB1
To explore the underlying mechanism by which TNS4 
contributes to GC cell-induced LN metastasis, we first 
predicted and screened on the protein interaction web-
site (STRING: functional protein association networks 
(string-db. org)) and found that there is an interaction 
between TNS4 and integrin beta1 (ITGB1) (Fig.  4A), 
which was then validated through Co-IP experiments 
in mouse fibroblasts (Fig.  4C). Meanwhile, the direct 
interaction between TNS4 and ITGB1 was analyzed by 
HDOCK (​h​t​t​p​​:​/​/​​h​d​o​c​​k​.​​p​h​y​​s​.​h​​u​s​t​.​​e​d​​u​.​c​n​/). The ​i​n​t​e​r​a​c​
t​i​o​n between TNS4 and ITGB1 occurs in three regions. 
Through residue analysis of the docking interface, we 
have identified the contacts between multiple key amino 
acid residues. The key residues of TNS4 include MET 
715, PRO 656, and HIS 583, which form strong interac-
tions with specific amino acid residues of ITGB1 (such 
as ASN 411, GLN 4, ILE 740) (Fig.  4B). In addition, IF 
staining was performed in the LN tissues of MFC cells 
inoculated control group mice. It was found that TNS4 
and ITGB1 had an obvious co-localization at the border 
where tumor cells and FRCs contacted with each other 
(Fig.  4D). Moreover, we observed that TNS4 was pre-
dominantly concentrated on tumor cells invading LNs, 
while ITGB1 was mostly localized in regions dominated 
by FRCs and with less aggregation of immune cells. At 
the forefront of tumor cell invasion, some tumor cells 
came into contact with FRCs, accompanied by the inter-
action between TNS4 and ITGB1, thus resulting in the 
following effects (Fig. 4E).

We further performed IHC staining of ITGB1 in the 
human GC-induced LN metastatic tissue microar-
rays and combined it with the previous results of TNS4 

Table 1  Analysis of TNS4 expression and pathological 
characteristics of clinical GC and LN metastasis tissues (Pearson’s 
Χ2 test was used)
Clinicopathological Features Total TNS4 

expression
P-value
(Chi-
square)Low High

179 60 119
Gender Male 119 39 80 0.7658

Female 60 21 39
Age ≤ 60 74 25 49 0.9499

>60 105 35 70
Tumor 
Location

antrum/pylorus 59 17 42 0.1185
cardia/fundus 10 2 8
body 26 10 16
lesser curvature 22 12 10
greater curvature 7 4 3
others 55 15 40

Lymph-node 
invasion

N1 57 11 46 0.0181*
N2 73 31 42
N3 49 18 31

T Factor T1/T2 46 26 68 0.0807
T3/T4 85 34 51

pTNM I 31 4 27 0.0227*
II 63 22 41
III 85 34 51

TNM: tumor / regional lymph node / metastasis defined by American Joint 
Committee on Cancer (AJCC);

T: Tumor, represents the condition of the primary tumor;

N: Lymph node, represents the involvement of regional lymph nodes;

M: Metastasis, represents the situation of distant metastasis

Table 2  Multivariable risk factor analysis of TNS4 expression 
and pathological characteristics of clinical GC and LN metastasis 
tissues (Pearson’s Χ2 test was used)
Multivariable risk factor Hazard 

ratios
95% CI P value

TNS4 expression in LN
(high vs. low)

0.7292 0.4257 to 
1.264

0.2527

Gender(male vs. female) 1.649 0.8532 to 
3.465

0.1581

Age
(>60 vs. <=60)

2.236 1.206 to 
4.413

0.0144*

T Factor
(T3/T4 vs. T1/T2)

5.277 2.129 to 
17.59

0.0015*

LN
(N2/3 vs. N1)

2.449 0.5353 to 
12.53

0.2437

Location
(antrum/pylorus vs. other place)

0.7163 0.3843 to 
1.275

0.2721

http://hdock.phys.hust.edu.cn/
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Fig. 2  Knockdown of TNS4 suppressed the LN metastasis of GC and decelerated the activation of FRCs and expansion of LNs. (A). Construction of a 
mouse foot pad LN metastasis model; (B). Validation of the interference efficiency of TNS4 in MFC cells; (C). The morphology of LN tissues from mice 
injected with TNS4 silenced and control MFC cells at 7 and 15 days respectively. Scale Bar: 1 mm; (D and E). Changes of LN tissue volume (D) and weight 
(E) between TNS4 silenced and control group at 7 and 15 days; (F). IF staining of TNS4 and pan-CK in LN tissues from mice of control group; (G and H). 
IHC staining of PCNA and TNS4 in LN tissues of TNS4 silenced and control group at 15 days (G). The statistical result of the number of PCNA-positive cells 
is shown on the right (H). Scale Bar: 200 μm; (I and J). IHC staining of a-SMA and Sirius Red staining in LN tissues of TNS4 silenced and control group at 15 
days (I). The statistical results of the ratio of a-SMA and Sirius Red positive staining are shown on the right (J). Scale Bar: 200 μm; **P < 0.01
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Fig. 3  GC cells derived TNS4 promoted the activation of FRCs and invasion of tumor cells. (A). Experimental procedure for co-culturing mouse primary 
FRCs with TNS4 silenced and control MFC cells; (B). The activation status of FRCs under the conditions of FRCs alone, FRCs co-cultured with TNS4 silenced 
and control MFC cells (visible light). Scale Bar: 50 μm; (C). IF staining of a-SMA in FRCs alone, RCs co-cultured with TNS4 silenced and control MFC cells. 
Scale Bar: 25 μm; (D). The ratio of fully activated and partially activated FRCs under the conditions of FRCs alone, FRCs co-cultured with TNS4 silenced and 
control MFC cells (FRCs with an overall extension length > 50 μm are considered fully activated, and FRCs with an overall extension length < 50 μm are 
considered partially activated); (E and F). The changes of a-SMA (E) and Col1a1 (F) mRNA expression in FRCs alone, FRCs co-cultured with TNS4 silenced 
and control MFC cells respectively **P < 0.01
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Fig. 4  TNS4 directly interacted with ITGB1. (A). Prediction of TNS4 interacting proteins, including ITGB1; (B). The direct interaction between TNS4 and 
ITGB1 was analyzed by HDOCK; (C). Co-IP verification of the interaction between TNS4 and ITGB1; (D). IF staining of the co-localization of TNS4 and ITGB1 
in mouse LN tissue (control group). Scale Bar: 50 μm; (E). IF staining of the co-localization of TNS4 in tumor cells and ITGB1 in FRCs (control group). Scale 
Bar: 100 μm; (F). IHC staining analysis of the correlation between TNS4 and ITGB1 in GC-induced LN metastatic tissue microarray. Scale Bar: 50 μm; (G). 
Heatmap of the correlation analysis of the staining intensity of TNS4 and ITGB1 on a GC-induced LN metastatic tissue microarray. Data were analysed by 
the chi-square test. (n = 163, P = 0.0274)
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staining. The analysis revealed a high correlation between 
the expression levels of TNS4 and ITGB1 in LN meta-
static tissues (Fig.  4F). Based on the GC-induced LN 
metastatic tissue microarray analysis, the heatmap of 
the correlation analysis of the TNS4 and ITGB1 stain-
ing intensity confirmed that TNS4 was closely correlated 
with ITGB1 (Fig.  4G). Moreover, the Multivariable risk 
factor analysis indicated that ITGB1 was closely corre-
lated with T factor of TNM staging in GC patients (Sup-
plemetary Table 2).

TNS4 - ITGB1 axis regulates TGF-β1 related signaling 
pathways
To uncover the underlying molecular mechanisms, we 
conducted RNA-seq analysis on the TNS4 silenced and 
control human GC cells and found that the changes 
of TNS4 expression may be correlated with the integ-
rin binding and TGF-β signaling pathway (BioProject: 
PRJNA1160027). We concluded that TNS4 may have a 
pivotal regulatory effect on these pathways in the micro-
environment of GC and GC-induced LN metastasis 
(Supplementary Fig. 1A and B).

Through western blotting detection of FRCs under the 
conditions of FRCs alone or FRCs co-cultured with MFC 
cells, and different treatments of TNS4 silencing in MFC 
cells or ITGB1 silencing in FRCs, we found that knock-
down of TNS4 or knockdown of ITGB1 could reduce the 
expression of TGF-β pathway related molecules such as 
p-SMAD2, p-SMAD3, TGF-β1, and p-AKT caused by 
tumor cell-FRCs interaction, and simultaneously knock-
down of TNS4/ITGB1 can synergize the inhibitory 
effects on these molecules (Fig. 5A and B). Furthermore, 
to confirm the contribution of the TGF-β1 pathway, 
TGF-β1 neutralizing antibody was used to treat FRCs 
which were co-cultured with MFC cells. It was found 
that TGF-β1 neutralization could reduce the expres-
sion of p-SMAD2 or p-SMAD3, and further synergized 
the inhibitory effects of TNS4 or ITGB1 knockdown on 
TGF-β pathway related molecules (Fig. 5C and D). These 
results suggested that TNS4 may interact with ITGB1 on 
FRCs, thereby affecting the binding of TGF-β1 to ITGB1 
and subsequently regulating the expression of a series of 
downstream signaling molecules (Fig. 5E).

Targeting TNS4 - ITGB1 axis suppresses GC cell-induced LN 
metastasis and TGF-β1 related signaling
To further validate the above results, we used the shRNA 
of TNS4 and the inhibitor of ITGB1 to detect the effects 
of TNS4 - ITGB1 axis in GC-induced LN metastasis in 
vivo (Fig.  6A). Groups were set as: MFC-vehicle group, 
MFC-sh-TNS4 group, inhibitor group and MFC-sh-
TNS4 + inhibitor group. It was found that the knock-
down of TNS4 or inhibition of ITGB1 could suppress the 
expansion of DLNs induced by the tumor cell invasion, 

compare to control (MFC-vehicle) group. Simultaneously 
inhibition of TNS4 and ITGB1 could significantly sup-
press the expansion of DLNs (Fig. 6B). Statistical analy-
ses also indicated that knockdown of TNS4 or inhibition 
of ITGB1, especially inhibition of both TNS4 and ITGB1 
could suppress the increase of LN volume and weight 
induced by the tumor cell invasion (Fig. 6C and D).

By IHC staining of those mouse DLN tissues, we found 
that knockdown of TNS4 or inhibition of ITGB1, espe-
cially inhibition of both TNS4 and ITGB1 could suppress 
the invasion of MFC cells (Fig.  6E). Through western 
blotting detection of DLN tissues after the administration 
of TNS4 shRNA and ITGB1 inhibitor, we further found 
that knockdown of TNS4 or inhibition of ITGB1 could 
reduce the expression of p-SMAD2, p-SMAD3, TGF-β1, 
and p-AKT caused by tumor cell-FRCs interaction, and 
simultaneously inhibition of TNS4/ITGB1 can synergize 
the inhibitory effects on these molecules (Fig.  6F and 
G). Our results indicated that TNS4 could interact with 
ITGB1 on FRCs, thereby affecting the binding of TGF-β1 
to ITGB1 and subsequently regulating downstream sig-
naling molecules, thus supporting the GC cell-induced 
LN metastasis (Fig. 6H).

Discussion
LNs are important immune regulatory organs and play a 
crucial role in various tumor metastatic processes. Dur-
ing the process of tumor cell-induced LN metastasis, 
the stromal cell within the LNs is one of the first cells to 
respond to the tumor cell invasion, in which FRCs take 
up a large part. FRCs have been reported as intrinsic 
mesenchymal cells in LN, capable of secreting extracel-
lular matrix (ECM) to form a network connecting with 
nerve fibers and immune cells in LNs [25, 26]. Multiple 
studies have shown that the expansion of LNs induced 
by infection or tumor cell invasion is mainly regulated by 
FRCs27–29].

FRCs regulation is mainly involved in the change of cel-
lular biomechanical properties, which largely depends 
on the interaction between FRCs and DC cells through 
PDPN-CLEC-2. Moreover, the proliferation of FRCs 
leads to LN expansion, accompanied by the prolifera-
tion of lymphocytes and the differentiation of various 
immune cells into inhibitory types, thereby reshaping a 
microenvironment suitable for tumor cell invasion and 
growth [30, 31]. Therefore, the communication between 
tumor cells and FRCs in LNs is a key research object for 
LN metastasis in various tumors, including GC.

Recent reports have shown that fibroblasts can adhere 
to ECM molecules through ITGB1, thus participating in 
biological processes such as cell migration, proliferation 
and transformation. In addition, ITGB1 can interact with 
various extracellular signaling molecules and intracel-
lular signaling pathways to regulate the activation status 
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of fibroblasts [32, 33]. Notably, the interaction between 
ITGB1 and TGF-β1 can activate downstream signaling 
pathway molecules of TGF-β1, thus affecting a series of 
cellular biological processes, including the activation of 
fibroblasts [34]. Therefore, the expression level and func-
tion of ITGB1 have a significant impact on the activated 
status of fibroblasts, including FRCs.

This study reveals that interfering with TNS4 can 
inhibit LN metastasis and activation of FRCs in LN 

tissues of GC, thereby inhibiting LN expansion. Further 
in-depth research showed that TNS4 derived from tumor 
cells located at the forefront of LN invasion can interact 
with ITGB1 on FRCs, causing the release of TGF-β1 and 
activating downstream signaling pathway molecules, thus 
activating and reshaping the microenvironment favor-
able for tumor cell growth in LNs. Therefore, TNS4 is 
confirmed to have an important regulatory effect on 
the TGF-β1 signaling pathway through its interaction 

Fig. 5  TNS4-ITGB1 regulated ITGB1 dependent TGF-β1-related signaling pathway. (A and B). Changes of signaling pathway molecules such as p-SMAD2, 
SMAD2, p-SMAD3, SMAD3, TGF-β1, p-AKT and AKT in FRCs alone and FRCs co-cultured with MFC cells respectively, with knockdown of TNS4 in MFC cells 
or knockdown of ITGB1 in FRCs (A). The results of the densitometry analyses are shown on the right (B). Data were presented as the means ± SD (n = 3); 
(C and D).Changes of p-SMAD2, SMAD2, p-SMAD3, SMAD3 and TGF-β1 in FRCs co-cultured with MFC cells, with knockdown of TNS4 in MFC cells or 
knockdown of ITGB1 in FRCs and administration of TGF-β1 neutralizing antibody (C). The results of the densitometry analyses are shown on the right (D). 
Data were presented as the means ± SD (n = 3); (E). Hypothesis on the interaction between TNS4 - ITGB1 - TGF-β1. *P < 0.05;** P < 0.01;NS: no significance
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Fig. 6  Blocking of TNS4-ITGB1 axis inhibits the metastasis of tumor cells and TGF-β1-related signaling. (A). The construction process of a mouse foot pad 
model using ITGB1 inhibitor in combination with TNS4 interference; (B). The morphological changes of LN tissues from mice in the control group, TNS4 
silenced group, ITGB1 inhibitor-treated group and TNS4 shRNA/ITGB1 inhibitor treated group at 15 days. Scale Bar: 1 mm; (C and D). The changes of the 
volume (C) and weight (D) of LN tissues in the control group, TNS4 silenced group, ITGB1 inhibitor-treated group and TNS4 shRNA/ITGB1 inhibitor-treated 
group at 15 days; (E). IHC staining of PCNA in LN tissues of the control group, TNS4 silenced group, ITGB1 inhibitor-treated group and TNS4 shRNA/ITGB1 
inhibitor-treated group at 15 days; (F and G). Changes of p-SMAD2, SMAD2, p-SMAD3, SMAD3, TGF - β1, p-AKT and AKT in LN tissues of the control group, 
TNS4 silenced group, ITGB1 inhibitor-treated group and TNS4 shRNA/ITGB1 inhibitor-treated group at 15 days. The results of the densitometry analyses 
are shown on the right (G). Data were presented as the means ± SD (n = 3); (H). TNS4 regulates the TGF-β1 signaling pathway by interacting with ITGB1, 
affecting the activation of FRCs in LNs and promoting LN metastasis of GC cells. * P < 0.05;**P < 0.01;NS: no significance
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with ITGB1, affecting the activation of FRCs in LNs and 
reshaping the microenvironment, thereby promoting LN 
metastasis in GC cells.
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