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Gastric cancer is one of themost lethal cancers worldwide. FYN, a gene that is differentially expressed in gastric cancer,
is considered a critical metastasis regulator in several solid tumors, but its role in gastric cancer is still unclear. This
study aimed to evaluate the role of FYN and test whether FYN promotes migration and invasion of gastric cancer
cells in vitro and in vivo via STAT3 signaling. FYN was overexpressed in gastric cancer and positively correlated
withmetastasis. FYN knockdown significantly decreased cancer cell migration and invasion, whereas FYN overexpres-
sion increased cancer migration and invasion. Genetic inhibition of FYN decreased the number ofmetastatic lung nod-
ules in vivo. Several epithelial-mesenchymal transition markers were positively correlated with FYN expression,
indicative of FYN involvement in this transition. Furthermore, gene set enrichment analysis of a Cancer Genome
Atlas dataset revealed that the STAT3 signaling pathway was positively correlated with FYN expression. STAT3 inhi-
bition reversed the FYN-mediated epithelial-mesenchymal transition and suppressed metastasis. In conclusion, FYN
promotes gastric cancer metastasis possibly by activating STAT3-mediated epithelial mesenchymal transition and
may be a novel therapeutic target for gastric cancer.
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Introduction

Gastric cancer (GC) remains one of the most lethal cancers worldwide
with over onemillion newly diagnosed cases and nearly 800,000 estimated
deaths per year [1]. In China, GC is the secondmost common type of cancer
and results in the death of approximately half of a million patients annually
[2]. Surgery and chemotherapy remain the main treatment options for GC.
In addition to surgery, targeted therapy and immunotherapy
(i.e., trastuzumab, bevacizumab, and nivolumab) have been developed to
tackle the disease. However, not all patients benefit from these new drugs
[3]. Scientists concur that metastatic status is one of themost robust predic-
tors of GC patient survival [4]. Therefore, assessing the mechanism under-
lying GC metastasis is essential for improving GC patient prognosis.

The Src kinase family is a family of non-receptor tyrosine kinases (SFKs)
that consists of nine specific members: SRC, FGR, FYN, YES, BLK, HCK,
LCK, LYN, and FRK. These kinases play pivotal roles in multiple signal
transduction cascades that regulate cellular activities, such as proliferation,
ent analysis; siRNA, small interference

al Surgery, The First Affiliated Hospita

hchangh@mail.sysu.edu.cn. (C. Zhang

vier Inc. on behalf of Neoplasia P
motility, and survival [5]. Aberrant activation of SFKs leading to an abnor-
mal proliferation andmalignant transformation of cells has been discovered
inmultiple cancers [6]. Findings of in-depth studies have sparked increased
interest in FYN in the context of cancer. FYN is a 59-kDa protein-encoding
gene that is implicated in cell growth, survival, cell motility, and adhesion
[7,8]. Furthermore, FYN plays different roles in several cancers. Lee et al.
have found that FYN establishes a positive feedback loop with STAT5 to
promote breast cancer cell metastasis through NOTCH2 activation [9]. In
other breast tumor xenograft models, researchers discovered that tumori-
genesis induced by depletion of PTPN23 can be reversed by the suppression
of FYN or through the Src inhibitor AZD0530 [10]. A study of pancreatic
cancer also demonstrated that FYN inhibition promotes the phosphoryla-
tion and nuclear localization of hnRNP E1, which ultimately suppresses
pancreatic cancer cell metastasis and invasion [11]. Research into glioblas-
toma has revealed that PIKE-A impairs the tumor suppressive actions of
AMPK, which are mediated by FYN [12]. In hepatocellular carcinoma,
FYN-mediated activation of the STAT3 pathway plays an important role
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in Fzd2-driven EMT and the migration of liver cancer cells [13]. Cumula-
tively, FYN clearly plays a part in cancer progression and metastasis, yet
its role in GC remains unclear.

To investigate the mechanism of GC metastasis, we previously
established a highly invasive GC cell line (BGC-823M3) using a repeated
Transwell approach [14,15]. Afterward, control and BGC-823M3 cell
lines were analyzed by gene expression microarray and several differen-
tially expressed genes were identified. FYN was recognized as one of the
most differentially expressed genes, which indicated that FYN might play
a crucial role in GC metastasis. In the current study, we evaluated whether
FYN could promote the migration and invasion of GC cells via the STAT3
signaling pathway. The current findings provide evidence for a potential
new target for GC treatment.

Materials and methods

Patients and clinical specimens

One hundred clinical GC specimens were collected from the tissue bank
of the First Affiliated Hospital of Sun Yat-sen University (China). All en-
rolled patients had been pathologically diagnosed as havingGC and had un-
dergone radical D2 lymphadenectomy between 2007 and 2012. None of
the patients had undergone neoadjuvant chemotherapy prior to surgery,
and all patients were diagnosed according to the 7th edition guidelines of
the Union for International Cancer Control. All patients underwent a
follow-up of at least 60 months. This study was reviewed and approved
by the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen Uni-
versity (Permit number: 2013-114). Written consent from all patients was
obtained before the research began.

Cell lines and lentiviral transfection

Human GC cell lines (MGC-803, SGC7901, and SNU-216) were pur-
chased from the Chinese Academy of Sciences (Shanghai, China) and
were cultured in RPMI (Gibco™,Carlsbad, CA, USA) medium containing
10% fetal bovine serum (Gibco™, Carlsbad, CA, USA) at 37 °C in a humidi-
fied atmosphere of 5% CO2. Cell transfection was performed in a 6-well
plate and Lipo 3000 (Invitrogen, Carlsbad, CA, USA) was used according
to manufacturer's instructions. Specific siRNA against FYN was designed
(RiboBio, Guangzhou, China) (FYN#1: 5′-GAGACCATGTCAAACATTA-3′;
FYN#2: 5′-GTGAACTCTTCGTCTCATA-3′). The full-length cDNA of FYN
was subcloned into a pcDNA3.1 vector (Vigene Biosciences, Rockville,
MD, USA). In order to establish stable FYN-knockdown cells, the MGC-
803 cell line was transfected with shRNA against FYN. Puromycin (2 μg/
ml)was utilized to select stably transduced cells. The STAT3 selective inhib-
itor HO-3868 was purchased from Selleck (Sellcek, Houston, TX, USA).

Animal experiments

All animal experiments were performed according to the guidelines of
First AffiliatedHospital of Sun Yat-sen University. BALB/c-numice (female,
4 weeks old) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. and maintained in an SPF room. A pulmonary metas-
tasis model was established to explore the role of FYN in GCmetastasis. We
injected MGC-803shFYN and MGC-803shCtrl (2.0 × 107 cells) into nude
mice through the tail vein. All mice were euthanized after 4 weeks of feed-
ing, and their lungs were harvested and studied through hematoxylin and
eosin (H&E) staining. This study was reviewed and approved by the Ethics
Committee of the First Affiliated Hospital of Sun Yat-sen University (No.
[2018]087).

Immunoblot analysis

Cell lysates were harvested as previously described [16]. Cytoplasmic
protein was extracted using the P0013G extraction kit (Beyotime, Shang-
hai, China), according to manufacturer's protocol. Protein extracts were
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isolated through SDS-PAGE gel electrophoresis and were then transferred
to a PVDFmembrane. Membranes were incubated with primary antibodies
against FYN, CDH1, VIM, SNAI1, SNAI2, phosphorylated-STAT3, and
STAT3 (Cell Signaling Technology, Danvers, MA; USA, 1:1000). Mem-
branes were also incubated with a primary antibody against GAPDH
(Sigma-Aldrich, St Louis, MO, USA, 1:2000). Images were obtained using
the Image Lab Software (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry and immunofluorescence analysis

All 100 paraffin-embedded GC tissue samples were examined by the
streptavidin-peroxidase method, as previously described [16]. Tissue sec-
tions were incubatedwith anti-FYNprimary antibody (1:100, Abcam, Cam-
bridge, United Kingdom) overnight at 4 °C. The scoring system was
established as previously described [15]. High FYN expression and low
FYN expressionwas determined according to the scoring system. For immu-
nofluorescence staining, GC cells were incubated with primary antibodies
against CDH1, VIM and phosphorylated-STAT3 at 4 °C overnight. Culture
dishes were washed with PBS and then incubated with secondary antibod-
ies (1:500) for 1 h. Nuclei were stained with DAPI (KeyGEN BioTECH, Nan-
jing, China) for 5 min. Images were acquired using a BX61 fluorescence
microscope (Olympus, Shinjuku, Tokyo, Japan).

Migration and invasion assay

The cell migration assay was performed in a 24-well plate with an 8.0-
μm pore polycarbonate filter (Corning, Corning, MA, USA). The upper
chamber was seeded with serum-starved MGC-803, SNU-216, and SGC-
7901 cells (5 × 104 cells/well), pretreated with siRNA or FYN plasmid,
overnight. The lower chamber was covered with 10% FBS RPMI-1640.
After 24 h of incubation, non-metastatic cells were gently removed by a cot-
ton swab.Migrated cells werefixed usingmethanol and stainedwith crystal
violet (Beyotime, Nantong, China). Migrated cells were counted, and im-
ages were captured by BX61 fluorescence microscope (Olympus, Shinjuku,
Tokyo, Japan). The invasion assay was performed in a similar manner, ex-
cept thefilters were pre-coatedwithMatrigel (Corning, Corning,MA,USA).

Wound scratch assay

Cells were seeded into a 6-well plate, and a wound was scratched in the
middle using a 100 μl pipette tip, at a confluency of 90%. Afterwards, the
chamber was washed three times with PBS to remove non-adherent cells.
After 24 h of culture, the scratch woundwas captured at three randomly se-
lected fields. Photoshop (Adobe, San Jose, CA, USA) was used to quantify
the open area of the wound.

Analysis of the prognostic value of FYN

We utilized the K-M Plotter database to determine the prognostic value
of FYN [17]. OS and DFS curves were generated based on the differential
expression of FYN. High FYN expression was defined as mRNA expression
higher than the median. Low FYN expression was defined asmRNA expres-
sion lower than the median. P < 0.05 was considered statistically
significant.

Gene set enrichment analysis

Normalized TCGA-STAD RNA-seq data (level 3) and clinical data were
downloaded from the GDC Data Portal of National Cancer Institute, NIH
(https://portal.gdc.cancer.gov/). Maximally Selected Rank Statistics was
applied to determine the cutoff expression value of FYN. The expression
data of FYN was transformed by log2 and analyzed by maxstat package in
R. The cutoff value is 10.18747. Samples with values larger than
10.18747were defined as FYN-high, and those less than 10.18747were de-
fined as FYN-low. All analyses were performed in R (v3.6.3). Patients were
stratified into a FYN-low and FYN-high group. Gene set enrichment analysis

https://portal.gdc.cancer.gov/


Table 1
Baseline characteristics in gastric cancer patients.

Characteristics Total, n(%)

Age
<60 years 50(50)
≥60 50(50)

Gender
Male 67(67)
Female 33(33)

Location
Upper third 28(28)
Middle third 33(33)
Lower third 36(36)
Whole 3(3)

Maximal tumor diameter
<5 cm 65(65)
≥5 cm 35(35)

pT
T1–2 32(32)
T3–4 68(68)

pN
No 44(44)
Yes 56(56)

TNM staging
I/II 54(54)
III/IV 46(46)

Distant metastasis
Negative 92(92)
Positive 8(8)

Histology type
Well 5(5)
Moderately 36(36)
Poorly 59(59)

Borrmann
I 6(6)
II 27(27)
III 57(57)
IV 7(7)
V 3(3)

TNM, tumor-node-metastasis stage; pT, depth of invasion; pN,
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(GSEA) was conducted using the GSEA software (v4.0.1). Gene sets were
downloaded from the MSigDB database and analyzed according to the
user guide (https://www.gsea-msigdb.org/gsea/index.jsp).

Statistical analysis

All data were analyzed by SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and
the GraphPad Prism software 5.0 (GraphPad Software, CA, USA). The
Student's t-test was used to assess differences between groups. The chi-
squared test was applied to analyze the relationship between FYN expres-
sion and clinicopathological characteristics. The Kaplan-Meier method
was adopted to generate overall survival curves, and the log-rank test was
applied to assess the difference between different groups. Univariate and
multivariate analyses were based on a COX proportional hazards model. P
< 0.05 was considered statistically significant.

Results

Higher FYN expression is correlated with lymph node metastasis and poorer GC
patient prognosis

To investigate the mechanism of GC metastasis, we used a microarray
assay to compare differentially expressed genes between control cell line
and the highly invasive GC cell line, which was previously established
[15]. The results revealed that FYN was one of the differentially expressed
genes between the two groups (Fig. 1A). Although FYN displayedmoderate
increase, but our preliminary data showed that FYN did play a vital role in
gastric cancermetastasis andwedecided to take FYN forward for further in-
vestigation. To validate the importance of FYN inGC development,we eval-
uated FYN expression in clinical GC samples (Fig. 1B). The data from 100
GC patient samples collected, between January 2009 and December 2012
with at least 5 years of follow-up, are presented in Table 1. Immunohisto-
chemistry staining indicated elevated FYN expression in 56% of patients
Fig. 1. FYN was upregulated in a highly invasive gastric cancer (GC) cell line and was correlated with poor GC patient prognosis. A. Microarray analysis of the MGC-823M3
and control cell lines. B. Representative images of immunohistochemistry analysis of FYN in 100 gastric cancer tissue samples (scale bars, 50 μm). C. Kaplan-Meier overall
survival curves for GC patients with different FYN expression from the First Affiliated Hospital of Sun Yat-sen University database. D. Overall survival data for GC patients
with different FYN expression in the K-M Plotter database.

lymph node status.
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Table 3
Univariate survival analysis.

Univariate analysis

Overall survival

Variables HR 95% CI P-value

Age
<60 years vs. ≥60 years 0.471–1.773 0.914 0.789

Gender
Male vs. female 0.553–2.236 1.112 0.766

Tumor size
<5 cm vs. ≥5 cm 1.009–3812 1.961 0.047
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and high FYN expression was correlated with increased lymph node metas-
tasis (P= 0.022) (Table 2). We found that high FYN expression was associ-
ated with shorter overall survival (Fig. 1C and Fig. S1C). Meanwhile, the K-
M Plotter database also demonstrated that FYN was positively correlated
with a poorer prognosis in GC (Fig. 1D). Kaplan-Meier analysis confirmed
the observation that high FYN expression was associated with shorter
disease-free survival (Fig. S1A and B). Both univariate and multivariate
analysis indicated that FYN expression was an independent risk factor for
GC (HR: 2.153, 95% CI: 1.018–4.558, P = 0.045; Tables 3 and 4). These
data indicated that FYN could serve as a prognostic biomarker in GC
patients.
T classification
T1.2 vs. T3.4 1.893–20.216 6.186 0.003

TNM
I/II vs. III/IV 1.375–5.573 1.375 0.004

pN
N0.1 vs. N2.3 2.550–9.984 5.046 <0.001

Distant metastasis
Yes vs. no 0.154–2.677 0.642 0.543

FYN expression
High vs. low 1.148–5.011 2.398 0.020

HR, hazard ratio; CI, confidence interval; TNM, tumor-node-metastasis stage; T clas-
sification, depth of tumor invasion.
FYN enhances GC cell migration and invasion

To further examine the role of FYN in GC cell migration and invasion,
we performed theWestern-blot to detect the basal expression of FYN in sev-
eral gastric cancer cell lines and discovered that FYN was highly expressed
in MGC-803 cell line. The SNU-216 cell line has moderate expression of
FYN and SGC-7901 has the lowest expression of FYN. So we chose to
knock down the expression of FYN in MGC-803 and SNU-216 cell lines
and overexpressed FYN in SGC-7901 and SNU-216 cell lines. The expres-
sion of FYN was knocked down in both MGC-803 and SNU-216 cell lines.
(Fig. 2A). The wound scratch assay indicated that the FYN knockdown sig-
nificantly impaired the wound healing ability of both MGC-803 and SNU-
216 cells (Fig. 2B). Furthermore, FYN overexpression enhanced wound
healing capacity compared to the control groups in both SGC-7901 and
SNU-216 cells (Fig. 2C). The Transwell assay results (performed to further
Table 2
The correlation between FYN and clinicopathologic characteristics.

FYN expression

Characteristics Low High P-value

Age
<60 years 23 27 0.687
≥60 21 29

Gender
Male 30 37 0.824
Female 14 19

Location
Upper third 12 16 0.862
Middle third 15 18
Lower third 15 21
Whole 2 1

Maximal tumor diameter
<5 cm 31 34 0.311
≥5 cm 13 22

pT
T1–2 18 14 0.090
T3–4 26 42

pN
N0 + N1 25 19 0.022
N2 + N3 18 37

TNM staging
I/II 27 27 0.190
III/IV 17 29

Distant metastasis
Negative 39 53 0.272
Positive 5 3

Histology type
Well 3 2 0.626
Moderately 17 19
Poorly 24 35

Borrmann
I 3 3 0.552
II 13 15
III 24 32
IV 4 3
V 0 3

The P-value in bold font means P-value <0.05.
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examine the role of FYN in the promotion of migration and invasion in
GC cell lines) demonstrated that knocking down FYN expression remark-
ably inhibited GC cell migration and invasion to the lower chamber
(Fig. 2D). Similarly, FYN overexpression enhanced the migration and inva-
sion of bothGC cell lines (Fig. 2E). Taken together, these data indicated that
FYN enhanced GC migration and invasion.
FYN promotes GC cell line migration by inducing EMT

EMT plays a vital role in cancer cell metastasis. Therefore, we explored
the possibility of EMT involvement in FYN-mediated metastasis. GSEA
analysis of The Cancer Genome Atlas (TCGA) data indicated that FYN was
indeed correlated with EMT markers such as SNAI1 and SNAI2 (Fig. 3A).
Furthermore, the correlation analysis revealed that FYNwas positively cor-
related with SNAI1 and SNAI2 and negatively correlated with CDH1
(Fig. 3B). After knocking down FYN expression, we found that the expres-
sion of CDH1 was upregulated, whereas VIM, SNAI1, and SNAI2 were
down-regulated (Fig. 3C). Furthermore, FYN overexpression induced EMT
transition (Fig. 3D). Immunofluorescence staining further confirmed that
FYN was positively correlated with VIM expression and negatively corre-
lated with CDH1 expression in all three GC cell lines (Fig. 3E and F).
These results showed that FYN promotes the migration of GC cell lines by
inducing EMT.
Table 4
Multivariate survival analysis.

Multivariate analysis

Overall survival

Variables HR 95% CI P-value

Tumor size
<5 cm vs. ≥5 cm 1.155 0.582–2.289 0.680

T classification
T1.2 vs. T3.4 3.653 0.970–13.752 0.055

TNM
I/II vs. III/IV 0.795 0.331–1.913 0.609

pN
N0.1 vs. N2.3 4.100 1.815–9.262 0.001

FYN expression
High vs. low 2.153 1.018–4.558 0.045

HR, hazard ratio; CI, confidence interval.



Fig. 2. FYNwas correlated with gastric cancer cell migration and invasion. A. Western blot analysis of FYN after siRNA knockdown. B. After transfection with siRNA against
FYN, wound width was greater than in the controls. C. After FYN overexpression, wound width was smaller compared to controls. D. After transfection with siRNA targeting
FYN,migration and invasionwere significantly inhibited in bothMGC-803 and SNU-216 cell lines. E. After FYN overexpression, cellmigration and invasionwere significantly
enhanced in both SGC-7901 and SNU-216 cell lines. The scale bars indicate 100 μm. *P < 0.05, **P< 0.01, ***P < 0.001. The data are represented as mean ± SD.
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FYN promotes GC metastasis in vivo

To investigate the role of FYN in GC metastasis in vivo, we created the
MGC803-shControl (shCTRL) and MGC803-shFYN (shFYN) stable cell
lines through lentiviral transfection, and knockdown efficacy was con-
firmed by immunoblotting (Fig. 4A). The lungs of pulmonary metastasis
model nude mice, injected with stable FYN-knockdown cells or control
cells, were collected after 4 weeks and stained with H&E. The shFYN
group had fewer lung metastatic nodules than the shCTRL group, as ob-
served macroscopically (P < 0.001) (Fig. 4B) and microscopically (P <
0.001) (Fig. 4C). This confirmed that FYN promoted GC lung metastasis
in vivo.
FYN promotes GC cell EMT through STAT3 pathway activation

To explore the mechanism of FYN-mediated GC metastasis, we per-
formed GSEA analysis with data from the TCGA database. The results
revealed that FYN was positively correlated with STAT3 signaling
pathway activation in GC. This result indicated that the STAT3 signal-
ing pathway may play a role in FYN-mediated metastasis in GC
(Fig. 5A). As shown in Fig. 5B, FYN knockdown significantly reduced
the level of phospho-STAT3 (Fig. 5B), and FYN overexpression in-
creased the level of phospho-STAT3 (Fig. 5C and Fig. S2). To further
demonstrate FYN involvement in the EMT process via STAT3 pathway
activation, we applied STAT3 selective inhibitor HO-3867. As previ-
ously demonstrated, FYN overexpression elevated the expression of
mesenchymal markers and reduced the expression of the epithelial
marker. The addition of HO-3867 significantly reduced the expression
of VIM, SNAI2, and SNAI1 while upregulating CDH1 expression
(Fig. 5D and E).
5

Inhibiting the STAT3 pathway could suppress FYN-mediated GC metastasis

Given the capacity of the STAT3 inhibitor to suppress EMT transition,
we speculated that STAT3 pathway inhibition could also limit FYN-
mediated GC metastasis. SGC-7901 and SNU-216 cells, with or without
FYN overexpression, were treatedwith or without HO-3867 before analysis
by western blot. Results demonstrated that HO-3867 could reduce the ex-
pression of FYN-upregulated phospho-STAT3 (Fig. 6A and B). HO-3867
partially inhibited the migration and invasion capacity of FYN-
overexpressing cells (Fig. 6C and D), and the wound healing assay demon-
strated similar results (Fig. S3). Taken together, these data indicated that
FYN promotes gastric cancer metastasis possibly by activating STAT3-
mediated epithelial mesenchymal transition.

Discussion

It has been well established GC treatment is hampered by metastasis.
However, the mechanism of GC metastasis remains unclear [18]. Previous
research found that FYN was correlated with metastasis in several malig-
nant cancers, including breast cancer, pancreatic cancer, cholangiocarci-
noma, and esophageal squamous cell carcinoma [9,11,19,20]. In the
current study, we found that FYN was essential for GC cell migration and
invasion.

We showed that high FYN expression was associated with advanced N
stage and correlated with poor prognosis in GC patients. In vitro experi-
ments demonstrated that FYN knockdown significantly reduced the migra-
tion and invasion capacity of MGC-803 and SNU-216 cells, while FYN
overexpression promoted the migration and invasion of SGC-7901 and
SNU-216 cells. These observations suggested that FYN was correlated
withmetastasis in GC. EMT is a process duringwhich cells lose their epithe-
lial features and gainmesenchymal characteristics. The EMT is considered a



Fig. 3. FYNwas associatedwith EMTmarkers. A. GSEA analysis of the TCGAdatabase indicated that FYNwas associatedwith EMTmarkers. B. FYNwas negatively correlated
with CDH1 and positively correlatedwith SNAI1 and SNAI2. C.Western blot analysis of EMTmarker protein levels after FYN knockdown in bothMGC-803 and SNU-216 cell
lines. D.Western blot analysis of EMTmarker protein levels after FYN overexpression. E. Immunofluorescence staining of CDH1 and VIM after FYN knockdown in bothMGC-
803 and SNU-216 cell lines. F. Immunofluorescence staining of CDH1 and VIM after FYN overexpression. *P< 0.05, **P < 0.01, ***P< 0.001.
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central reason for cancer metastasis [21,22]. Previous research on colorec-
tal cancer (CRC) has indicated that the STAT3 signaling pathway is in-
volved in the EMT process [23]. Bioinformatics analysis of data from the
TCGA database indicated that FYN was positively correlated with SNAI1
and SNAI2 and negatively correlated with CDH1. Further, immunoblot ex-
periments revealed that elevated VIM, SNAI2, and SNAI1 expression was
observed after FYN overexpression. This finding was in accordance with
previous observations in breast cancer research [9]. In vivo experiments
also confirmed that FYN could promote GC cell metastasis to the lungs.
Our findings demonstrated that FYN played a vital role in GC metastasis.

To further explore the metastatic mechanism, we conducted bioinfor-
matics analysis and found that the STAT3 signaling pathway might be in-
volved in FYN-mediated metastasis (Fig. 5A). The STAT3 signaling
pathway, which is involved in several cellular process including prolifera-
tion, survival, invasion, and metastasis, has been intensively researched
[24]. Classical STAT3 pathway activation occurs by means of the JAK en-
zyme. Phosphorylation at Tyr705 of STAT3 leads to STAT3 protein dimer-
ization and dimer translocation to the nucleus. Once in the nucleus, STAT3
promotes the expression of its target genes. SRC, amember of the Src kinase
family, has been shown to directly activate STAT3 [25]. FYN (an SRKmem-
ber) has been reported to interact with STAT3. Researchers have also
6

reported that the FYN-STAT3 axis is crucial in renal and pulmonary fibrosis
[26–28]. The current study confirmed that FYN influenced phospho-STAT3
expression using knockdown and overexpression models. Treatment with
HO-3867 (a specific STAT3 inhibitor) further confirmed that FYN regulated
cancer cell EMT through the STAT3 pathway in both SGC-7901 and SNU-
215 cell lines. Transwell assays confirmed that HO-3867 partially
counteracted the FYN-driven migratory and invasive capacity, indicating
that FYN enhanced the metastatic ability of GC cells at least partially
through the STAT3 pathway.

FYN is a member of the Src kinase family and is considered an essential
factor for cancer progression and metastasis. Further, researchers have
established the involvement of FYN in chemotherapy resistance. Mi et al.
found that miR-381 directly targets and downregulates FYN, while also en-
hancing the chemosensitivity of breast cancer cells to doxorubicin [29]. In
chronic myelogenous leukemia (CML), researchers identified FYN as a can-
didate biomarker for imatinib resistance through pan-genomic microarrays
[30]. Several other Src kinase family members have also been associated
with cancer progression, metastasis, and drug resistance. SRC is another ex-
tensively studied gene belonging to the SRC kinase family. Researchers
found that hypoxia could induce prostate cancer cell metastasis in an
SRC-dependent manner. Further, SRC knockdown successfully prevented



Fig. 4. FYN promoted pulmonary gastric cancer metastasis in vivo. A. Successful FYN shRNA knockdown in MGC-803 cells was confirmed by western blot. B. Fewer lung
metastatic nodules were found after FYN knockdown compared to the control group. C. Representative images of lung metastatic nodules. **P < 0.01, ***P < 0.001.
The data are represented as mean ± SD.

Fig. 5. FYN promoted gastric cancer cell epithelial-mesenchymal transition through the STAT3 pathway. A. GSEA analysis indicated that FYNwas correlated with the STAT3
signaling pathway. B. FYN knockdown inhibited p-STAT3 protein expression as revealed by western blot. C. FYN overexpression elevated p-STAT3 protein expression as
revealed by western blot. HO-3867 effectively decreased the levels of VIM, SNAI2, and SNAI1 and increased the expression level of CDH1 as shown by western blot in
both SGC-7901 (D) and SNU-216 (E) cell lines. *P < 0.05, **P< 0.01, ***P < 0.001.

J. Yu et al. Translational Oncology 13 (2020) 100841
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Fig. 6. FYN promoted gastric cancer cell metastasis through the STAT3 pathway. A. HO-3867 effectively decreased the p-STAT3 levels in the SGC-7901 cell line. B. O-3867
effectively decreased the p-STAT3 levels in the SNU-216 cell line. C.With or without HO-3867 treatment, the number ofmigrating cells in the FYN overexpression group was
increased compared to the control group. D. With or without HO-3867 treatment, the number of invading cells in the FYN overexpression group was increased compared to
the control group. *P < 0.05, **P < 0.01, ***P< 0.001.
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the hypoxia-induced effects [31]. Another in vivo experiment supports ev-
idence for the role of SRC in prostate cancer metastasis [32]. SRC has also
been shown to meditate thyroid cancer metastasis. Chan et al. discovered
that SRC is overexpressed in thyroid cancer, and the application of its inhib-
itor, dasatinib, significantly inhibits tumor growth andmetastasis [33]. Pre-
viously, we found that CXCL1 and CXCL5 were closely correlated to cancer
metastasis [15,34], and it has been reported that SRC is related to these
chemokines. Lu et al. found that the CXCL1-LCN2 paracrine axis can acti-
vate SRC to promote prostate cancer progression [35]. Like SRC, LYN is a
molecule that has drawn significant attention. Co-immunoprecipitation
and immunofluorescence assays have revealed that LYN is involved in
CD24-mediated ERK1/2 activation and tumor metastasis in CRC [36]. In
head and neck squamous cell carcinomas (HNSCC), selective siRNA
targeting of LYN inhibits the proliferation, migration, and invasion capacity
of EGF receptor variant III-expressing HNSCC cells [37]. LYN involvement
is not limited to cancer cells as LYN expression has been reported to be pos-
itively correlated with myeloid-derived suppressor cell (MDSC) markers,
suggesting that LYN possibly participates in MDSC aggregation [38].
Lung cancer reports have described that genetic depletion of YES1 signifi-
cantly inhibits tumor growth and metastasis, and high YES1 expression
may predict a higher sensitivity to dasatinib [39]. Furthermore, a study of
1094 colorectal patients revealed that a combined FGR + HCK score
could predict poor CRC patient outcome [40].

The current study provided a comprehensive analysis of how FYN regu-
lates GC metastasis by STAT3 pathway activation. Through the use of clin-
ical samples and in vitro and in vivo experiments, we revealed a novel role
of FYN in tumor metastasis. Our study confirmed that FYNwas an indepen-
dent indicator of GC patients' prognosis. This means that the expression of
FYN might be able to predict the survival outcome in clinical cases. And
we also discovered that FYN promotes the metastasis of gastric cancer
and this finding might be able to incentivize the development potential
drugs that specifically target FYN. In further research, the relationship be-
tween STAT3 and FYN can be explored in greater detail, and the existence
of a STAT3 and FYN positive feedback loop can be investigated.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tranon.2020.100841.
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