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ARTICLE INFO ABSTRACT

Keywords: Background: Mammalian infertile-20-like kinase 4 (MST4) plays major roles in the progression of
Gastric cancer malignant tumor types, but its function in gastric cancer (GC) remains poorly understood.
MST4

Objective: To investigate the regulatory mechanism of MST4 in GC.

Methods: Immunohistochemistry was used to detect MST4 protein in GC tissue. Additionally, the
correlation between MST4 expression and the clinicopathological characteristics and prognosis of
GC was evaluated. The MST4 expression level in GC cells was measured by western blotting and
quantitative real-time polymerase chain reaction. Moreover, the regulatory mechanism of MST4
was investigated in vitro and in vivo.

Results: Overexpression of MST4 was found in GC tissue and cell lines, which correlated to the
tumor size, histological type, invasion depth, ulcer, lymph node metastasis, lymphovascular in-
vasion, perineural invasion and TNM stage (all P < 0.01). In terms of MST4 functions in vitro, its
upregulation facilitated the proliferation, migration, and invasion of GC cells. Furthermore, MST4
promoted these processes by facilitating autophagy, whereas downregulation of MST4 signifi-
cantly attenuated these processes. Downregulation of MST4 also attenuated tumor growth in vivo.
Conclusion: High expression of MST4 indicates a poor prognosis and promotes GC cell prolifer-
ation, invasion, and metastasis by enhancing autophagy.

Autophagy
Migration and invasion

1. Introduction

Gastric cancer (GC), one of the most prevalent malignant digestive tumors, ranks fourth for tumor-related mortality annually
worldwide [1]. In recent years, great progress has been made in the detection and treatment of GC by technological and treatment
advances. However, the morbidity rate of GC remains high because of postoperative recurrence and metastasis. Therefore, finding
novel molecular biomarkers to predict the prognosis as well as therapeutic targets of GC is urgent.

Autophagy is a highly conserved process during the evolution of cell decomposition, which plays an essential role in regulating cell
growth and internal homeostasis [2], and performs various functions in benign diseases and maligant tumors. For example, activation
of mitophagy, which is a specific form of autophagy in macrophages, has major roles in ameliorating atherosclerosis progression [3].
Autophagy also increases the chemotherapeutic drug resistance and metastasis of tumor cells by enhancing their mobility and anoikis
resistance [4-9]. Wang et al. showed that increased autophagy combined with multifunctional nanoparticles enhances drug accu-
mulation and effectively treats deep tumor cells [10]. However, several studies have reported that autophagy inhibits cell proliferation
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and enhances tumor cell chemosensitivity to induce cell death [11]; Moreover, autophagy suppresses colorectal cancer (CRC) cells
metastasis by inhibiting epithelial-mesenchymal transition (EMT) via the phosphoinositide 3-kinase/AKT signaling pathway [12].
Masuda et al. [13] found that autophagy was enhanced in GC patients and correlated to poor survival, especially in the early clinical
stage. Luo et al. showed that activation of autophagy induces chemoresistance in GC [14]. Therefore, the mechanisms of autophagy in
tumorigenesis and progression of GC require further study.

Microtubule-associated protein 1 light chain 3 (LC3), belonging to the LC3/GABARAP family of ubiquitin-like proteins, is involved
in the formation of autophagosomes [15]. LC3B, an isoform of LC3, has been well investigated and found to be an autophagosome
marker. When autophagy is activated, soluble LC3B-I is covalently conjugated to phosphatidylethanolamine and transforms into
LC3B-II, which is critical for phagophore closure to form an autophagosome [16]. p62, also known as sequestosome 1, mediates the
linkage between cargos and autophagosomes via its ubiquitin-associated and LC3-interacting region domains, respectively, and it
directly binds to LC3 and facilitates degradation of ubiquitinated protein aggregates via autophagy [17]. During this process, p62 itself
is also degraded [18]. Therefore, LC3B-II/LC3B-I is elevated and p62 is decreased by enhanced autophagy. Chloroquine (CQ) inhibits
autophagy by suppressing lysosomal functions and blocking autophagosome-lysosome fusion, leading to the accumulation of LC3B-II
and p62 [19].

Mammalian sterile-20-like kinase 4 (MST4), which is also known as serine/threonine kinase 26 (STK26), belongs to germinal center
kinase (GCK) group III family including MST1, MST2, MST3 and SOK1 [20]. MST4 is involved in normal cell polarity by phosphor-
ylating the regulatory T567 residue of ezrin [21]. MST4 binds to Golgi matrix protein GM130 for targeting to the Golgi apparatus and
regulateing cell migration by modulating the morphology of the Golgi apparatus [22]. MST4 also promotes tumor cell migration and
metastasis by activating the p-ERK signaling pathway and interacting with FAM40A, a STRIPAK element [23,24]. Overexpression of
MST4 is strongly related to poor prognoses of several carcinomas including hepatocellular carcinoma, breast cancer, choriocarcinoma,
and prostate cancer [25-27]. However, there is no consensus on the function of MST4 in GC. Li et al. found that MST4 promotes tumor
cell metastsis by facilitating EMT and indicates a poor prognosis of GC patients [28]. However, An et al. demonstrated that MST4
suppresses GC tumorigenesis by attenuating YAP activation through a non-canonical signaling pathway [29].

In the present study, we ascertained the clinical significance of MST4 in GC and further explored the relationship between MST4
and tumor cell proliferation, invasion, and metastasis in vitro and in vivo.

2. Materials and methods
2.1. Patients and specimens

We obtained RNA-sequencing (RNA-seq) and clinical data of pan-cancer and the adjacent normal tissue from TCGA-Xena (http://
xena.ucsc.edu/) to analyze the MST4 mRNA level of pan-cancer. We collected data from 213 consecutive GC patients who underwent
radical gastrectomy at the First Affiliated Hospital of Wannan Medical College between January 2012 and December 2013. This study
was aprroved by the ethics committee of the First Affiliated Hospital of Wannan Medical College (approval number: LLSC-2022-17)
and complied with all regulations. Informed consent was obtained from all the participants. Patients were followed up for 5 years,
and the average follow-up time was 49 months, ranging from 5 to 60 months. During the first year after surgery, patients were followed
up every 6 months, and then once a year for the next 4 years. The definition of overall survival (OS) was the time from surgery to death
attributed to GC or to the last observed date. Disease free survival (DFS) was defined as the time from surgery to GC recurrence or
metastasis.

2.2. Immunohistochemistry

Histological sections were soaked in xylene for de-paraffinization, and then gradient ethanol was used for dehydration. Antigen
retrieval was conducted in a microwave. Endogenous peroxidases were blocked by incubation in 3% Hy02. The sections were incu-
bated with an anti-human MST4 rabbit monoclonal antibody (1:200, ab52491, Abcam, USA) overnight at 4 °C, followed by a sec-
ondary antibody labelled with HRP (Beyotime Biotechnology, Shanghai, China). DAB chromogenic reagent (Maixin Biotechnology,
Fuzhou, China) was used for development. The sections were counterstained in with hematoxylin and then mounted. In accordance
with the staining intensity of immunohistochemistry, sections were scored from 0 to 3: 0, no staining; 1, weak staining; 2, moderate
staining; 3, strong staining. The extent of staining was scored from 0 to 3 by the proportion of stained tumor cells (0%-10%; 11%-50%;
51%-75%; >75%). The final score was obtained by the multiplying of intensity and extent score. A final score of <3 was deemed as low
expression, and a final score of >3 was deemed as high expression.

2.3. Lentiviral vectors construction and infection

Lentiviral vectors encoding specific shRNAs against full-length MST4 and a non-targeted control vector were transfected into 293T
cells using Lipofectamine 2000 (Invitrogen, USA). To obtain the stable cell lines, the viral supernatant was collected at 48-72 h after
transfection and used to infect target cells. AGS cells were infected with lentiviruses expressing MST4 shRNA-1(5-CACCGTAC-
GAAAGAAGCCTGATCCA-3") and shRNA-2 (5'-GAGCAAGATCTTGTGCAAACCCTGA-3"), and BGC-823 and SGC-7901 cells were
infected with lentiviruses expressing the human MST4 gene. After 48 h of transduction, polyclonal stable cells were selected with 2.5
pg/ml puromycin for 2 weeks for in vitro experiments and monoclonal stable cells were selected with 2.5 pg/ml puromycin for 4 weeks
for xenografting vivo experiments. Cells were harvested to detecte MST4 mRNA and protein expression.
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2.4. Real-time PCR (qRT-PCR)

Total RNA was extracted by TRIzol (Thermo Fisher Scientific, Shanghai, China). Reverse-transcription was performed using a
Prime-Script 1st Strand cDNA Synthesis Kit (Takara Biotechnology, Dalian, China) in accordance with the manufacturer’s instructions.
The primer sequences used were as follows: MST4: forward primer, 5-TTCGAGCTGGTCCATTTGATG-3' and reverse primer, 5'-
TGAATGCAGATAGTCCAGACCT-3'; GAPDH (control): forward primer: 5'- GTGAAGGT CGGAGTCAACG -3 reverse primer: 5'-
CTGGGGAAGTAACTGGAGT -3'. The amplification steps were 95 °C for 30 s and then 40 cycles at 95 °C for 5 s and at 60 °C for 30 s. The
2742 CT method was applied for relative quantification of gene expression.

2.5. Western blotting (WB)

Proteins were extracted with RIPA lysis buffer (Beyotime Biotechnology), separated on a 10% sodium dodecyl sulfate-
polyacrylamide gel (Beyotime Biotechnology), and transferred onto a polyvinylidene difluoride (PVDF) membrane. After blocking
with 5% dry skimmed milk, the membranes were incubated with a primary antibody at 4 °C overnight and then washed twice with
Tris-buffered saline containing Tween (Haoran Biotechnology Co., Ltd., Shanghai, China). After incubation with a peroxidase-
conjugated secondary antibody, the membrane was developed by enhanced chemiluminescence (Pierce, USA), following the manu-
facturer’s instructions. Antibodies used were as follows: anti-human MST4 (rabbit monoclonal, 1:1000; Abcam, USA); anti-human p62
(mouse monoclonal, 1:1000; Santa Cruz Biotechnology, USA), anti-human Slug (mouse monoclonal, 1.1000; Santa Cruz Biotech-
nology, USA); anti-human LC3B (rabbit monoclonal, 1:1000; Cell Signaling Technology, USA); anti-human E-cadherin (mouse
monoclonal, 1:500; Beyotime Biotechnology); anti-human f -actin (mouse monoclonal, 1:1000; Abcam).

2.6. Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) assay (Beyotime Biotechnology) was applied to estimate the cell proliferation. Cultured cells was
seeded into 96-well plates at 5 x 10> cells per well in 100 pl of medium. After cell adhesion, the cells were treated with 10 pl CCK-8
reagent for 3 h. Absorbance at 450 nm was then measured with enzyme-linked immuno analyzer following the manufacturer’s
protocol.

2.7. Colony formation assay

To assess the colony formation capacity, 1 x 10° logarithmically growing cells were seeded into a 6-well plate and cultured for 2
weeks. Then, 4% paraformaldehyde was used to fix the colonies, and crystal violet (Beyotime Biotechnology) was applied to stain the
cells. Stained cells were photographed, and colonies were counted with Image J software.

2.8. Transwell migration and invasion assay

Matrigel (BD Biosciences, Bedford, MA, USA) diluted at 1:4 with serum-free RPMI-1640 medium was used to assess the invasive
ability and omitted to assess the migratory ability. Cell suspensions (3 x 10°/ml) were prepared after 12 h of serum starvation. The
lower chamber contained RPMI-1640 medium with 10% FBS, while the upper chamber contained serum-free medium. A cell sus-
pension (100 pl) was added to the upper chamber and incubated at 37 °C for 24 h. Cells were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Cells on the bottom of the membrane were imaged under a microscope (Leica, USA).

2.9. Wound healing assay

Cells (1 x 10°) were seeded into a 6-well plate and cultured until 90% confluence. A wound was made with a 10 pl micropipette tip.
Cells were monitored, and wound healing was photographed under an inverted microscope ( x 100 magnification) at 0 and 48 h after
scratching.

2.10. Xenografts

BALB/c-nude mice (4-5 weeks old, 16-18 g) were purchased from the Animal Experimental Center of Anhui Medical University
(Hefei, Anhui, China) and raised in the Animal Institute of Wannan Medical College (Wuhu, Anhui, China). All experimental pro-
cedures followed protocols approved by the Medical Experimental Animal Care and Use Committee of Wannan Medical College
(approval number: LLSC-2022-066). Fifteen BALB/c-nu/nu mice were randomly divided into three groups (control, MST4-shRNA1,
and MST4-shRNA2), and implanted with vector-infected AGS cells (5 x 10%) into their left armpit. The tumor size (length and
width) was measured with calipers twice a week. Tumor volume was calculated using formula V (mm?®) = (length x width?)/2. The
mice were humanely euthanized after 6 weeks, and tumors were harvested and weighed. Real-time PCR and WB were performed to
measure the MST4 expression level in the xenograft.
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2.11. Statistical analysis

SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis. We used the R package “ggplot2” to draw the scatter
plots. Categorical data analysis was performed using the chi-squared test or Fisher’s exact test. The Student’s t-test was used to analyze
two groups of quantitative data. The Kaplan-Meier method with the log-rank test was applied for patient survival analysis. Cox
regression analysis was applied to identify independent risk factors for prognosis. All in vitro experiments were performed in triplicate.
Two-tailed P < 0.05 was considered statistically significant.

3. Results
3.1. MSTH4 is overexpressed in GC cell lines and GC tissue

We downloaded the pan-cancer data on tumor tissue and the adjacent normal tissue from the TCGA-Xena database. We found that
MST4 mRNA expression was significantly higher in most of the tumor tissue compared with that in adjacent normal tissue including
STAD (referred to GC) (P < 0.001) (Supplementary Fig. S1A). Moreover, Pearson correlation analysis of MST4 and pan-cancer from
TCGA showed that MST4 is positively correlated to most of the 33 tumors containing GC (Supplementary Fig. S1B).

We conducted qRT-PCR and WB to determine the mRNA and protein levels of MST4 in normal gastric epithelial cells (NGEC) and
four GC cell lines (AGS, BGC-823, SGC-7901, and MKN-45). The results showed that the MST4 mRNA and protein levels were higher in
the four GC cell lines compared with those in NGEC. Interestingly, MST4 mRNA and protein levels were obviously higher in poorly
differentiated cell lines AGS and MKN-45 than in the moderately differentiated cell line SGC-7901. (Fig. 1B and Fig. 1A). Poorly
differentiated cells usually indicate highly invasive and metastatic features. These results suggested that high MST4 expression is
involved in tumor progession by affecting the invasive capacity of GC cells.

Next, we performed qRT-PCR and WB to examine MST4 mRNA and protein expression in a typical sample of GC tissue and matched
adjacent normal gastric mucosal tissue. Our results revealed that MST4 mRNA and protein were both highly expressed in GC tissue
compared with those in normal gastric mucosal tissue, respectively(Supplementary Figs. S1C and 1D).

3.2. Upregulation of MST4 is associated with the clinicopathological characteristics of GC

MST4 was mainly located in the cytoplasm of GC cells. Stronger staining of MST4 was found in GC tissue compared with the
staining in adjacent normal gastric mucosal tissue. (Fig. 1C). As shown in Table 1, MST4 expression was linked to the tumor size,
invasion depth, histology, ulceration, lymph node metastasis, lymphovascular invasion, perineural invasion, and TNM stage (Table 1).
Tumors with high expression of MST4 had deeper invasion and more lymph node metastasis, lymphovascular invasion, and perineural
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Fig. 1. MST4 protein and mRNA expression is increased in GC cell lines and tissue and correlated to poor clinical prognosis. A-B. MST4 protein
expression level (A) and mRNA expression level (B) in NGEC and GC cell lines. C. Representative images of MST4 expression in adjacent normal
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Table 1
Relationship between MST4 expression and patients’ characteristics in GC.
All Total (N = 213) MST4 low expression (n = 104) MST4 high expression (n = 109) P value
Age(years)
mean + SD 59.4 + 10.6 59.2 +10.1 59.7 + 11.1 0.731
Sex 0.499
Male 144(67.6) 68(65.4) 76(69.7)
Female 69(32.4) 36(34.6) 33(30.3)
Location 0.822
Upper third 49(23.0) 22(21.2) 27(24.8)
Middle third 66(31.0) 33(31.7) 33(30.3)
Lower third 98(46.0) 49(47.1) 49(45.0)
Depth of invasion <0.001
pT1 105(49.3) 76(73.1) 29(26.6)
pT2 15(7.0) 8(7.7) 7(6.4)
pT3 16(7.5) 4(3.8) 12(11.0)
pT4 77(36.2) 16(15.4) 61(56.0)
Tumor size(cm)
mean =+ SD 3.5+ 1.9 2.6 +1.5 4.3 +20 <0.001
Histological type 0.008
Adenocarcinoma
Well differentiated 5(2.3) 4(3.8) 1(0.9)
Moderately differentiated 70(32.9) 43(41.3) 27(24.8)
Poorly differentiated 121(56.8) 46(44.2) 75(68.8)
Mucinous adenocarcinoma 12(5.6) 8(7.7) 4(3.7)
Signet ring cell carcinoma 5(2.3) 3(2.9) 2(1.8)
Ulceration 0.005
Absence 98(46.0) 58(55.8) 40(36.7)
Presence 115(54.0) 46(44.2) 69(63.3)
Lymph node metastasis <0.001
Absence 87(40.8) 65(62.5) 22(20.2)
Presence 126(59.2) 39(37.5) 87(79.8)
Lymphovascular invasion <0.001
Absence 152(71.4) 92(88.5) 60(55.0)
Presence 61(28.6) 12(11.5) 49(45.0)
Perineural invasion <0.001
Absence 125(58.7) 83(79.8) 42(38.5)
Presence 88(41.3) 21(20.2) 67(61.5)
TNM Stage <0.001
I 97(45.5) 75(72.1) 22(20.2)
11 31(14.6) 10(9.6) 21(19.3)
I 85(39.9) 19(18.3) 66(60.6)

Data are presented as numbers (%)..

Table 2
Univariate and multivariate analyses for survival in GC patients.
Variable Overall survival Disease free survival
Univariate Multivariate Univariate Multivariate
P value P value Hazard ratio 95% CI P value P value Hazard ratio 95% CI
Histological type 0.000 NS 0.000 0.048 1.859 1.005-3.438
differentiated
undifferentiated
MST4 expression <0.001 0.013 1.189-4.306 <0.001 0.011 1.216-4.413
Low expression 1 1
High expression 2.263 2.316
Depth of invasion <0.001 NS <0.001 NS
Ulceration <0.001 NS <0.001 NS
LNM <0.001 0.029 1.161-15.521 <0.001 0.024 1.217-16.231
Absent 1 1
Present 4.244 4.444
LVI <0.001 NS <0.001 NS
PI <0.001 NS <0.001 NS
TNM Stage <0.001 <0.001 2.080-7.883 <0.001 <0.001 2.061-7.842
I+1I 1 1
111 4.049 4.020

CI, confidence interval; LNM, lymph node metastasis; LVI, lymphovascular invasion; PI, perineural invasion.
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Fig. 2. MST4 enhances proliferation and invasion of GC cells in vitro. A-B. WB analysis of MST4 protein expression (A) and qRT-PCR analysis of
MST4 mRNA expression (B) in AGS cells infected with MST4-shRNAs (Fig. A above panel and Fig. B left panel) and BGC-823 and SGC-7901 cells
infected with lentiviruses expressing MST4 gene (Fig. A below panel and Fig. B right panel). C-D. CCK8 assay analysis (C) and colony formation
anlaysis (D) of the proliferation of AGS cells downregulated MST4 (Fig. C above panel and Fig. D left panel) and BGC-823 and SGC-7901 cells
upregulated MST4 (Fig. C below panel and Fig. D right panel). E. WB analysis of invasion associated proteins expression in GC cells downregulated
and upregulated MST4. F-G. Transwell migration (F) and invasion (G) assay analysis of migration and invasion capacity of GC cells downregulated
and upregulated MST4. H. Wound healing assay anlaysis of migration ability of AGS (right panel) and BGC-823 and SGC-7901 (left panel). The
Encropped versions of Fig. A and E were provided as supplementary material. *P < 0.05; **P < 0.01; ***P < 0.001.

invasion (P < 0.001). Overexpression of MST4 tended to indicate advanced tumor stages (P < 0.001). These results suggested that
MST4 overexpression is correlated to the tumorigenesis and progression of GC.

3.3. Overexpression of MST4 in GC is associated with poor clinical outcomes

Kaplan-Meier survival analysis demonstrated that high expression of MST4 was correlated to shorter OS and DFS of GC patients.
We found that the 5-year OS and DFS rate was obviously better in the low MST4 expression group compared with the rate in the high
expression group (P < 0.001) (Fig. 1D and E). Multivariate Cox regression analysis indicated that MST4 overexpression was an in-
dependent risk factor for OS (P = 0.013) and DFS (P = 0.011) of GC (Table 2). These data demonstrated that high expression of MST4 in
GC patients correlates to poor survival.

3.4. MST4 enhances proliferation and invasion of GC cells in vitro

As shown in Fig. 2A and B, MST4 protein and mRNA expression was downregulated in MST4-shRNA1 and MST4-shRNA2 groups
compared with that in control group of AGS cells. CCK-8 and colony formation assays indicated that AGS cells proliferation was
dramatically decreased by knockdown of MST4 (Fig. 2C and D). Moreover, the invasive capacity of AGS cells was reduced remarkably
as suggesting by transwell and wound healing assays (Fig. 2F-H). Next, MST4 was overexpressed in BGC-823 and SGC-7901 cells
(Fig. 2A and B). As expected, CCK-8 and colony formation assays confirmed that proliferation was significantly enhanced by exogenous
expression of MST4 in GC cells compared with the finding with the control (Fig. 2C and D). WB showed that MST4 upregulation led to
the overexpression of Slug and low expression of E-cadherin, and vice versa in GC cells (Fig. 2E). Furthermore, transwell and wound
healing assays showed that the invasive capacity was obviously increased by overexpression of MST4 in GC cells (Fig. 2F-H).

3.6. MST4 promotes tumorigenesis of GC in vivo

As shown in Fig. 3A, the ability of AGS cells with MST4 knockdown (MST4-shRNA1 and MST4-shRNA2 groups) to form tumors in
nude mice was significantly decreased compared with that of empty vector-infected cells (control group), which was indicated by the
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excised tumors. The uncropped versions of Fig. D were provided as supplementary material.**P < 0.01; ***P < 0.001.



Heliyon 9 (2023) e16735

P. Liu et al.

SGC-7901

BGC-823

MST4

MST4

ca

ca

LC3B-I
LC3B-Il

LC3B-I
LC3B-II

P62

P62

B-actin

=4
=
o
5 ¢
@

Migration
+

106£-09S

Z

Invasion

50
0

2

$1189 BAISEAU} JO JOqUINN

100

€28-0908

MST4

usy

106.-09S

L €28-008

(caption on next page)



P. Liu et al. Heliyon 9 (2023) e16735

Fig. 4. MST4 performs its function by promoting autophagy in GC. A. WB analysis of the autophagy associated proteins LC3B and p62 expression in
BGC-823 and SGC-7901 cells. B-C. CCK8 (B) and colony formation assays (C) showed that CQ partly diminished the MST4-induced proliferation in
BGC-823 and SGC-7901 cells. D-E. Transwell migration and invasion assay displayed CQ partly decreased the MST4-induced migration (D) and
invasion (E) in BGC-823 and SGC-7901 cells. F. Wound healing assay showed the migration ability of BGC-823 and SGC-7901 cells was attenuated
Iiy CQ. The uncropped versions of Fig. A were provided as supplementary material.*P < 0.05; **P < 0.01; ***P < 0.001.

xenograft tumor size, weight, and tumor growth curves (Fig. 3A, C and 3B). Real-time PCR and WB showed that MST4 expression in the
tumors formed by shRNA-infected cells was obviously lower than that in the tumors formed by the empty vector-infected cells (Fig. 3E
and D).

3.7. MST4 performs its function by promoting autophagy in GC

To identify the specific mechanism of MST4 in GC, we explored the link between MST4 and autophagy. Autophagy inhibitor
chloroquine (CQ) (10 pmol; Sigma-Aldrich, USA) was used to attenuate autophagic activity in BGC-823 and SGC-7901 cells over-
expressing MST4. As shown in Fig. 4A, overexpression of MST4 in BGC-823 and SGC-7901 cells decreased p62 and increased LC3BII/
LC3B], indicating enhanced autophagy. CQ partly reversed the MST4-induced decrease in p62, but not to control levels. Furthermore,
CQ further increased the LC3BII/LC3BI expression in GC cells (Fig. 4A). CQ treatment also decreased the proliferation and invasive
capacity of BGC-823 and SGC-7901 cells with MST4 overexpression (Fig. 4B-F).

4. Discussion

Recurrence after radical gastrectomy is the main obstacle to improve the overall survival of GC patients, but its molecular
mechanism has not been well understood until now. MST4 promotes proliferation and migration of various cancer cells via different
mechanisms [26,30,31]. Arora et al. demonstrated that MST4 as a oncogene enhances cell growth and migration by promoting EMT
via activating Akt in breast cancer [26]. Moreover, MST4 directly phosphorylates p-catenin to promote the tumor cell proliferation and
is associated with a poor prognosis of CRC [30]. Moreover, the MST4-MOB4 complex regulates the Hippo-YAP pathway to promote
growth and migration of pancreatic cancer cells [32]. However, the role of MST4 in GC remains controversial. A recent study suggested
that MST4 is an oncegene and predicts a poor progonosis of GC patients [28], whereas another study revealed MST4 suppresses GC
tumorigenesis by directly phosphorylating YAP [29]. We aimed to ascertain the clinical significance of MST4 in GC and explore its
roles in vitro and in vivo.

Consistent with a previous study [28], we found that MST4 mRNA and protein expression was distinctly higher in GC cell lines and
tissue. Furthermore, we revealed that upregulation of MST4 was related to the tumor size, invasion depth, histology, ulceration, lymph
node metastasis, lymphovascular invasion, perineural invasion, and TNM stage, and MST4 was an independent prognostic indicator for
GC patients. These results indicated that MST4 might act as an oncogene and is involved in tumor progression of GC via enhancing cell
proliferation and invasion.

To confirm the MST4 function in GC, we performed a series of in vitro and in vivo experiments. Our results revealed that upre-
gulation of MST4 promoted proliferation and facilitated the invasion and migration of GC cells, and vice versa. Moreover, MST4
overexpresion increased Slug expression and decreased E-cadherin expression. Becuuse Slug and E-caherin are markers of EMT [33],
our data suggested that MST4 promoted cell migration and invasion via EMT. Furthermore, we showed that downreglulation of MST4
attenuated tumor growth in vivo.

Recent studies have suggested that autophagy plays major roles in tumor cell proliferation and invasion via different signaling
pathways. Autophagy inhibition regulated by MCOLN1/TRPML1 suppresses melanoma cell migration and invasion by regulating a
ROS-induced TP53/p53 pathway [9]. Another recent study showed that UPR-induced autophagy driven by Sec62 increases the GC
invasive ability [34]. Wu et al. demonstrated that SphK1-induced autophagy enhances focal adhesion paxillin-mediated metastasis of
CRC [35]. MST4 stimulates autophagy by phosphorylating ATG4B to promote the tumorigenicity of glioblastoma [31]. However, an
association between MST4 and autophagy has not been demonstrated in GC. We found that upregulation of MST4 lead to p62
downregulation and LC3BII/LC3B-I increasing, indicating enhanced autophagy, and thus increased the proliferation and invasive
capacity of GC cells. Moreover, because autophagy was inhibited by CQ in MST4-overexpressing GC cells, the proliferation and
invasive potential was decreased. Thus, we inferred that the MST4 is a major protein in promoting tumor development at least partly
via inducing autophagy in GC. While the specific mechanism of MST4 regulating autophagy was not investigated, and it will be further
explored in our future studies.

5. Conclusion
Overexpression of MST4 in GC patients predicted poor clinical outcomes. MST4 enhanced the proliferation and migration of GC

cells in vitro and in vivo. MST4 facilitated proliferation and invasion of GC cell by enhancing autophagy. Thus, MST4 may be a po-
tential prognostic and therapeutic candidate for GC.
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