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Abstract

Background and aims Sec62 is a membrane protein of the endoplasmic reticulum that facilitates protein transport. Its role
in cancer is increasingly recognised, but remains largely unknown. We investigated the functional role of Sec62 in gastric
cancer (GC) and its underlying mechanism.

Methods Bioinformatics, tissue microarray, immunohistochemistry (IHC), western blotting (WB), quantitative polymerase
chain reaction (QPCR), and immunofluorescence were used to examine the expression of target genes. Transwell, scratch
healing assays, and xenograft models were used to evaluate cell migration and invasion. Transmission electron microscopy
and mRFP-GFP-LC3 double-labeled adenoviruses were used to monitor autophagy. Co-immunoprecipitation (CO-IP) was
performed to evaluate the binding activity between the proteins.

Results Sec62 expression was upregulated in GC, and Sec62 upregulation was an independent predictor of poor prognosis.
Sec62 overexpression promoted GC cell migration and invasion both in vitro and in vivo. Sec62 promoted migration and
invasion by affecting TIMP-1 and MMP2/9 balance. Moreover, Sec62 could activate autophagy by upregulating PERK/
ATF4 expression and binding to LC3II with concomitant FIP200/Beclin-1/Atg5 activation. Furthermore, autophagy block-
age impaired the promotive effects of Sec62 on GC cell migration and invasion, whereas autophagy activation rescued the
inhibitory effect of Sec62 knockdown on GC metastasis. Notably, Sec62 inhibition combined with autophagy blockage
exerted a synergetic anti-metastatic effect in vitro and in vivo.

Conclusion Sec62 promotes GC metastasis by activating autophagy and subsequently regulating TIMP-1 and MMP2/9 bal-
ance. The activation of autophagy by Sec62 may involve the unfolded protein response (UPR)-related PERK/ATF4 pathway
and binding of LC3II during UPR recovery involving FIP200/Beclin-1/Atg5 upregulation. Specifically, the dual inhibition
of Sec62 and autophagy may provide a promising therapeutic strategy for GC metastasis.
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Abbreviations HCQ  Hydroxychloroquine

Co-IP  Co-immunoprecipitation IHC Immunohistochemistry
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OE Overexpression

oS Overall survival

gPCR  Quantitative real-time polymerase chain reaction
RAPA Rapamycin

TIMP  Tissue inhibitor of matrix metalloproteinases

UPR  Unfolded protein response
WB Western blot

Introduction

Gastric cancer (GC) is the fourth leading cause of can-
cer-related mortality worldwide [1]. Owing to the rapid
advances in early diagnosis and surgical approaches, the
prognosis of patients with early GC has greatly improved.
However, a considerable number of GC patients are usu-
ally diagnosed at an advanced or metastatic stage, herald-
ing a poor 5-year survival rate of less than 30% [2]. A high
incidence of metastasis in GC is a major cause of cancer-
related death. Unfortunately, the mechanism underlying
GC metastasis remains largely unknown.

Sec62 is an endoplasmic reticulum (ER) transmem-
brane protein and a component of the protein translocation
machinery. Functionally, Sec62 facilitates the transport of
proteins into the ER, regulates cellular Ca** homeostasis
and mediates ER stress-induced unfolded protein response
(UPR) recovery by eliminating excess ER, also called ER-
phagy or recov-ER-phagy [3—6]. ER stress is a cellular
state in which the homeostasis of protein biogenesis, fold-
ing and transport at the ER is disturbed by intracellular and
extracellular perturbations [7]. To cope with the impact of
ER stress, ER-resident sensors such as Bip, IRE1, ATF6
and PERK, consequently trigger the UPR, which is char-
acterised by ER membrane expansion and accumulation of
misfolded proteins [8, 9]. To compensate for ER stress and
downsize expanded ER, Sec62 can facilitate the elimina-
tion of excess ER and inner accumulated misfolded pro-
teins via autophagy [4, 5, 10].

Because tumor growth is under constant stresses such
as high metabolic demand, nutrient limitation, hypoxia
and oxidative stress, robust ER stress and UPR activa-
tion have been recognised in a variety of human cancers.
Particularly, UPR activation is reported to be correlated
with metastasis [9]. In addition, several studies have dem-
onstrated that Sec62 amplification and overexpression are
frequently found in various cancer types, especially in
GC. Moreover, Sec62 overexpression was found to be
associated with enhanced cell migration and invasion in
prostate, lung, and cervical cancer, but the mechanism
remains unknown [3, 11-15]. In this study, we investi-
gated the functional role of Sec62 in GC metastasis and
its underlying mechanism.
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Materials and methods
Patient samples and ethics statement

This study was performed with approval from the Ethics
Committee at Xijing Hospital, the first Affiliated Hospital
of Air Force Medical University, and complied with the Hel-
sinki Declaration. A tissue microarray with GC and matched
adjacent non-tumour tissue samples from 90 patients
between January 2010 and November 2016 were purchased
from Outdo Biotech Co., Ltd. (Shanghai, China). The clin-
icopathological characteristics of the included patients are
shown in Table 1. Additional histopathologically diagnosed
GC samples and matched adjacent non-tumour tissues from
the State Key Laboratory of Cancer Biology and National
Clinical Research Center for Digestive Diseases, Xijing Hos-
pital of Digestive Diseases, were also obtained. GC diagno-
sis was based on the NCCN clinical practice guideline [16].

Table 1 Correlation of Sec62 expression with clinicopathological
features in GC

Variables Number Sec62, n (%) X2 P value
Low High

Gender 0.761 0.258
Male 53 33(62.3) 20(37.7)
Female 36 18(50.0) 18(50.0)

Age(years) 2.069 0.152
<50 18 9(50) 9(50)
>50 71 42(59.2) 29(40.8)

Smoke 0.157 0.631
Yes 64 36(56.3) 28(43.7)
No 25 15(60.0) 10(40.0)

Alcoholism 2.853 0.080
Yes 20 8(40.0)  12(60.0)
No 69 43(62.3) 26(37.7)

Metastasis 3.170 0.036
Yes 26 10(38.5) 16(61.5)
No 63 41(65.1) 22(34.9)

Tumor size 5.166 0.028
<5 28 11(39.3) 17(60.7)
>5 61 40(65.6) 21(34.4)

Microvascular 3.029 0.040
invasion
Yes 29 11(37.9) 18(62.1)
No 60 40(66.7) 20(33.3)

TNM stage 11.370 0.005
| 52 37(71.2) 15(28.8)
1T 24 11(45.8) 13(54.2)
1 13 3(23.1) 10(76.9)

GC gastric cancer, TNM tumor, node, metastasis
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All patients provided informed consent for the use of clinical
specimens for medical research.

Bioinformatics analysis

The GEPIA (http://gepia2.cancer-pku.cn/) database was used
to investigate the expression of Sec62 in GC and non-tumor
stomach tissues. The relationship between Sec62 expression
and GC prognosis was analysed using the Kaplan—Meier
Plotter (https://kmplot.com/analysis/index.php?p=service).

Immunohistochemistry (IHC)

IHC was performed as previously described [17] to exam-
ine the expression of Sec62 in GC and adjacent non-tumor
tissue samples. Quantitative scoring of IHC staining were
performed by two independent pathologists. IHC staining
intensity was defined as 0 =negative, 1 =weak (light yel-
low), 2=medium (yellow), or 3 =strong (brown) and the
percentage of positively stained cells in fields of interest was
defined as 0% positive tumor cells =0, 1-25% positive tumor
cells=1, 26-50% positive tumor cells=2,>50% positive
tumor cells =3. Final staining scores were determined by
multiplying the intensity and percentage scores with a range
from O to 9. High Sec62 expression was defined as the final
score > 5, and low expression was final score <4.

Cell culture

Human GC cell lines (MKN45, AGS, BGC823, HCG27,
SGC7901, SGC7901-M, SGC7901-NM and MKNZ28)
and the immortalised gastric epithelial cell line GES were
preserved at our institute. All the cell lines were cultured
in DMEM medium (Gibco) supplemented with 10% fetal
bovine serum (Gibco) and 100U/ml penicillin—streptomycin
(Hyclone) at 37 °C in humidified atmosphere with 5% (vol/
vol) CO2. Sec62 protein and RNA were extracted from the
cell lines above and measured with Western Blot (WB) and
quantitative real-time PCR (qQRT-PCT) assays, respectively.

ELISA

Cell culture supernatants were tested using ELISA kits
(MULTISCIENCES (LIANKE) BIOTECH, CO., LTD,
China). In brief, the standard curves and calculation formu-
las were obtained using absorbance at 450 nm following the
manufacturer’s instructions. The resulting formula was used
to calculate the concentrations of target proteins, including
TIMP1, 2, 4, and MMP2, 9 in the supernatants by using the
absorbances of the samples.

Western blotting (WB)

Protein extraction and WB were performed as previously
described [17]. Briefly, total proteins of cultured cells were
extracted with lysis buffer (RIPA, Millipore) with 1:500 pro-
tease inhibitor (Millipore) and 1:200 phosphatase inhibitor
(Millipore) on ice for 20 min. Extracted proteins were sepa-
rated by SDS-PAGE and transferred to nitrocellulose mem-
branes. Then 5% milk was used to block the membrane for
one hour. Thereafter, the membranes were incubated with
primary antibodies at 4 °C overnight and on the next day
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (goat anti-mouse or anti-rabbit IgG)
(Zhong Shan Golden-bridge Biotech, China). At last, target
proteins were visualised using Bio-Rad Imaging Systems
(Bio-Rad). The primary and secondary antibodies used in
the experiment were listed in Supplementary Table 1.

Quantitative polymerase chain reaction (qPCR)

The qPCR assay was performed as previously reported [17].
A TaKaRa MiniBEST Universal Extraction Kit (TaKaRa)
was used to extract total RNAs from the above cell lines,
frozen GC tissues and the adjacent normal tissues according
to manufacturer’s protocols. PrimeScriptTM RT Master Mix
(Perfect Real Time) (TaKaRa) was used to synthesise com-
plementary DNA (cDNA). Relative quantitation of target
gene expression were measured by the 2~22Ct method and
GAPDH was deemed as a reference. The primer sequences
used are as follows (5’ to 3"): GAPDH, GTCTCCTCTGAC
TTCAACAGCG (forward) and ACCACCCTGTTGCTG
TAGCCAA (reverse); Sec62, TCAGTGTGGGTGCAGGCT
GTTT (forward) and ACCAAAAGTGGTGCCTTCCTCC
(reverse).

Lentivirus construction and transfection of GC cell
lines

All recombinant lentiviruses carrying human Sec62 knock-
down and overexpression sequences were purchased from
Genechem Co., Ltd. (Shanghai, China). Lentivirus trans-
fection was conducted according to the manufacturer’s
protocol. Lentiviral vectors carrying human Sec62 overex-
pression sequences were transfected into MKN45 cells and
designated as MKN45 OE. Lentiviral vectors carrying Sec62
knockdown sequences were transfected into AGS cells and
designated as Sec62 KD. Two knockdown sequences were
used to rule out potential off-target effects. The sequences
are listed as follows: control (NC): CGCTTCCGCGGC
CCGTTCAA; Sec62-sh1: CTGTGGTTGACTACTGCAAC;
Sec62-sh2: ACAGTTGAATCGAAGATACT. In addition,
the gastric epithelial cell line (GES) was transfected with
Sec62 overexpression sequences as a validation group and
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designated as GES OE. Empty vectors were used as negative
controls and designated as NC. After 24 h of transfection, all
transfected cells were selected for 7 days with 3-5 pg/mL
puromycin (Solarbio). Finally, the transfection efficiencies
were verified by examining Sec62 protein expression using
western blotting (WB).

Migration and invasion assays

Cell migration and invasion were assessed using Corning
6.5 mm Transwell chambers with a pore size of 8 um and
Corning BioCoat Matrigel Invasion Chambers. Detailed
procedures were performed according to the manufac-
turer’s instructions and were similar to those previously
described [18]. Briefly, cells were seeded onto the upper
chamber membrane in serum-free Dulbecco's Modified
Eagle Medium (DMEM). Complete DMEM containing 20%
foetal bovine serum (Gibco) was added to the lower chamber
as a chemoattractant. After 30 h, cells that had migrated or
invaded through the membrane were fixed with 4% para-
formaldehyde (Solarbio) and stained with 0.1% crystal vio-
let (Shanghai Biyuntian Bio-Technology Co., Ltd., China).
Finally, more than 10 random views from each chamber
were analysed under light microscopy (X 40 magnification),
and the numbers of migrated and invaded cells were counted
using ImagelJ software (National Institutes of Health, USA).

Scratch healing assay

Cell migration was measured using a scratch healing assay.
Briefly, cultured cells with at least 90% confluence in 6-well
plates were scratched with a 200 ul sterile pipette tip and
then cultured for 24 h in serum-free DMEM. The wound clo-
sure was photographed under a light microscope (Olympus,
Japan) at 0 h and 24 h. Wound closure (%) was calculated
using the following formula: (1-(empty area at 24 h/empty
area at 0 h)) X 100 using Image]J software (National Institutes
of Health, USA).

Immunofluorescence

Immunofluorescence was performed to measure the expres-
sion of epithelial-mesenchymal transition (EMT)-related
markers and immunofluorescence co-localisation of Sec62
and LC3, as previously described [19]. Briefly, cultured cells
were washed with PBS and fixed with 4% paraformaldehyde
for 10 min. After washing twice with PBS, the cells were
treated with foetal bovine serum (Gibco) as a blocking solu-
tion for 60 min at room temperature. Next, the cells were
incubated with the following primary antibodies: anti-E-
cadherin (Cell Signalling Technology, CST), anti-vimentin
(Abcam), LC3 (CST) or FLAG (Sigma) at 4 °C overnight
and then incubated with the corresponding secondary
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antibodies. Nuclei were counterstained with DAPI (Thermo
Fischer Scientific). Immunofluorescence images were cap-
tured using a fluorescence microscope (Olympus, Tokyo,
Japan). Co-localisation of Sec62 and LC3 was quantified
by Image-Pro Plus version 6.0 using Manders Overlap Coef-
ficient (MOC) with background corrected.

MMP2 and 9 zymography assay

Gelatin zymography was used to measure MMP-2 and 9
protease activity in the supernatant medium as previously
reported [20]. Briefly, 7.5% SDS—-PAGE containing 0.1%
gelatin (Applygen Technologies Inc, Beijing, China.) were
used to separate the proteins with electrophoresis at 25 mA.
After the electrophoresis, renaturing and incubating the gels
were conducted according to the manufacturer’s instructions,
and the gels were then stained with 0.4% Coomassie blue.
Finally, after de-staining, the proteolytic bands visualised as
clear bands were captured and analysed.

Transmission electron microscopy

Transmission electron microscopy was used to assess
autophagosomes/autolysosomes, as previously described
[21]. Briefly, cultured cells were collected and fixed with
4% glutaraldehyde overnight at 4 °C (Solarbio), washed with
phosphate buffered saline (PBS), and fixed with 1% OsO4
buffer for 1.5 h at 4 °C. After washing with PBS, the cells
were dehydrated in a graded series of ethanol solutions and
embedded in Epon812 epoxy resin. Ultra-thin (80 nm) sec-
tions were collected on copper grids, double-stained with 1%
uranyl acetate and 0.2% lead citrate, and observed using an
HT7800 transmission electron microscope (Hitachi, Japan).

mRFP-GFP-LC3 double-labelled adenovirus
transfection and confocal laser scanning microscopy

To detect the autophagic flux of GC cell lines,
mRFP-GFP-LC3 double-labeled adenovirus was purchased
from Hanbio Biotechnology Co., Ltd. (Shanghai, China) and
transfected into previously constructed MKN45, AGS, and
GES cells. Detailed procedures for mnRFP-GFP-LC3 trans-
fection were performed according to the operation manual
provided by Hanbio and similar to that previously described
[22]. At 24 h after mRFP-GFP-LC3 transfection, the cells
were fixed using 4% paraformaldehyde for 10 min. DAPI
(Thermo Fischer Scientific) was used to counterstain the
nuclei for 20 min. All procedures were performed at room
temperature and protected from light. Finally, the treated
cells on the slides were imaged using an FV3000 confocal
laser scanning microscope (Olympus, Japan).
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Animal experiments

All animal experiments were performed in accordance with
the guidelines approved by the Animal Care and Use Com-
mittee of the Air Force Medical University. Twenty male
BALB/c nude mice (six-week-old) were purchased from
Vital River Laboratory Animal Technology Co., Ltd. (Bei-
jing, China) and used for metastasis observations. The mice
were randomly divided into two groups (n=10/group):
Sec62 OE and Sec62 NC. MKN45 cells at a concentration
of 2% 10° in 100 ul of PBS per animal were injected through
the tail vein. The mice were anaesthetised and sacrificed
8 weeks after the injection. Histological evaluation of the
lungs and livers was performed using haematoxylin and
eosin (H&E) staining. Hydroxychloroquine (HCQ) (50 mg/
kg) intraperitoneal injection was performed as a rescue
experiment to block autophagy in vivo.

Co-Immunoprecipitation (Co-IP)

Co-IP was performed using a Pierce® Co-Immunoprecipi-
tation kit (Thermo Scientific, USA) according to the manu-
facturer’s protocol.

Statistical analysis

All results are expressed as the mean + SEM. GraphPad
Prism software (La Jolla, USA) and SPSS Statistics 21
(IBM, USA) were used to perform the statistical analyses.
The Cox proportional hazard model was used for univari-
able and multivariable risk factor analyses for survival.
The Kaplan—-Meier method and log-rank test were used to
plot and compare the survival curves. Student’s ¢ test or
Mann—Whitney U test was used for comparison between two
groups. Multiple group comparisons were performed using
one-way analysis of variance (ANOVA) or the Kruskal-Wal-
lis test. Categorical data were compared using the chi-square
test or Fisher’s exact test. Statistical significance was set at
p<0.05.

Results

Sec62 overexpression in GC was verified
and predicted poor survival

In our latest study [23], mass spectrometry analysis using
GC tissues versus controls identified Sec62 as one of the
top 10 upregulated proteins (unpublished data) (Fig. 1A).
Bioinformatics analysis showed the mRNA expression of

Sec62 in GC was significantly higher than that in most
other human malignancies (Fig. 1B, green arrow). When
compared to adjacent normal tissues, Sec62 expression was
also significantly upregulated in GC (Fig. 1C, D). Further,
the online database KM-plotter was employed to investi-
gate the correlation of Sec62 with GC patient survival. The
data suggested that GC patients with high Sec62 expression
had shorter median overall survival (OS) than patients with
low Sec62 levels (HR =1.32, log-rank p=0.012) (Fig. 1E).
To validate these findings, GC cell lines and GC samples
from the State Key Laboratory of Cancer Biology and
National Clinical Research Center for Digestive Diseases,
Xijing Hospital of Digestive Diseases, were obtained and
tested for Sec62 expression. Similarly, both gPCR and WB
showed significant overexpression of Sec62 in GC com-
pared to normal controls (Fig. 1F-I). Moreover, a GC tissue
microarray was used to examine the expression of Sec62
in GC tissues (Fig. 1J, K) and make correlations with the
clinicopathological features of GC patients (Table 1). High
Sec62 expression was positively correlated with higher
metastasis rate (x2=3.170, p=0.036), larger tumour size
(x2=5.166, p=0.028), higher microvascular invasion rate
(x2=3.029, p=0.040), and higher tumour, node, metastasis
(TNM) stage (x2=11.370, p=0.005). Kaplan-Meier analy-
sis using tissue microarray data revealed that GC patients
with high Sec62 expression had significantly shorter median
overall survival (OS) than those with low Sec62 expression
(HR=1.926, log-rank p=0.013) (Fig. 1L). Further, univari-
able and multivariable analyses suggested that high Sec62
expression was significantly correlated with poor OS and
Sec62 upregulation was an independent risk factor for poor
prognosis in GC patients (HR=5.016, p <0.0001) (Table 2).

Sec62 Upregulation promotes GC cells migration
and invasion in vitro and in vivo

To determine the role of Sec62 in GC cell migration and
invasion, three GC cell lines with stable Sec62 overex-
pression and knockdown were successfully constructed by
lentivirus transfection. The three cell lines were AGS (KD
and NC), MKN45 (OE and NC), and GES (OE and NC).
Transfection efficiency was verified by measuring Sec62
expression using a WB assay (Fig. 2A—C). The invasion
and migration ability of GC cells were examined using tran-
swell and scratch healing assays. Transwell assays showed
that high Sec62 expression significantly promoted GC cell
migration and invasion (Fig. 2D-F). In addition, the promo-
tive ability of Sec62 upregulation on migration was vali-
dated by a scratch healing assay (Fig. 2G-I). The nude mice
tumour metastasis model also supported Sec62 upregulation
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«Fig. 1 Upregulation of Sec62 in GC predicts poor survival. Volcano
plots of mass spectrometry data showed the top 10 upregulated mol-
ecules identified in GC tissues versus controls (A). Sec62 mRNA
expression was significantly higher in GC than in other human malig-
nancies (B) and adjacent normal stomach tissues (C, D) in the GEPIA
database. Correlation of Sec62 mRNA expression in GC patients with
OS in KM-plotter database (E). Quantitative PCR (F) and WB (G)
assays suggested that Sec62 expression in GC cell lines was much
higher than that in GES. In GC tissues and adjacent normal tissues,
qRT-PCR (H) and WB (I) assays also confirmed higher Sec62 lev-
els in GC tissues than in normal controls. IHC assays of Sec62 pro-
tein expression in GC and adjacent normal tissue (J). Chi-squared
test for Sec62 expression in GC and adjacent normal tissues (K).
Kaplan—Meier analysis using tissue microarray data showed a corre-
lation between Sec62 protein levels and the OS of GC patients (L).
*#p <0.01, ***p <0.0001

promoting GC cell lung metastasis in vivo, although no dif-
ference in liver metastasis was identified (Fig. 2J-M). Col-
lectively, these data demonstrate that Sec62 plays a promo-
tive role in GC metastasis. On the other hand, no effect of
Sec62 on GC cell proliferation and apoptosis has also been
identified (Fig. SIA-K).

Sec62 upregulated MMP2/9 proteose activity
by affecting TIMP-1 and MMP 2/9 balance

To explore the direct mechanism by which Sec62 promotes
GC cell metastasis, EMT markers, including E-cadherin and
vimentin, were first detected. Both WB (Fig. 3A, B) and
immunofluorescent staining (Fig. 3C-E) assays showed no
correlation between Sec62 expression and E-cadherin or
vimentin expression. Considering that Sec62 upregulation
could promote GC cell invasion in this study, and MMPs are
associated with tumour invasion, we subsequently found that
Sec62 could affect TIMP-1 and MMP2/9 levels but showed

no effect on TIMP-2 and TIMP- 4 (Fig. 3A, B and F-H).
Furthermore, gelatin zymography demonstrated Sec62
upregulated the activity of MMP2/9 in the supernatant of
cell medium. Taken together, Sec62 may promote GC cell
migration and invasion by affecting the TIMP-1 and MMP
2/9 balance and activity of MMP2/9 instead of the EMT
pathway.

Sec62 regulates PERK/ATF4 expression and activates
autophagy accompanied by FIP200/Beclin-1/Atg5
upregulation

In light of the role of Sec62 in resolving UPR, we first
evaluated the association between Sec62 expression and
several key molecules in the UPR signalling pathway. The
WB assay showed that Sec62 could affect the expression of
PERK and ATF4. As for IRE1/JNK and ATF6, there was
no correlation with Sec62 (Fig. 4A, B). Given that Sec62
resolves UPR by involving autophagy via binding to LC3II
on autophagosomes, and PERK/ATF4 activation can acti-
vate autophagy [4, 5, 9, 10], we next explored the associa-
tion between Sec62 expression and autophagy. We found
that high Sec62 expression was correlated with higher
LC3II (Fig. 4C, D). Similarly, under transmission electron
microscopy, more autophagolysosomes and autophagosomes
were observed in GC cells with higher Sec62 expression
(Fig. 4E). Furthermore, immunofluorescence assays of GC
cells after mRFP-GFP-LC3 adenovirus transfection also
showed that the levels of autophagy were positively cor-
related with Sec62 (Fig. 4F, G). Moreover, a reciprocal
Co-IP assay was conducted on MKN45 cell lysates. The
data confirmed that exogenous FLAG-tagged Sec62 (the
lentivirus bears a FLAG tag) cross-talked with endogenous
LC3II directly, suggesting that Sec62 could dock to LC3II

Table 2 Univariable and
multivariable analysis of
clinicopathological factors for

overall survival

Variables Univariable Multivariable

HR (95% CI) Pvalue HR (95% CI) P value
Gender (male/female) 1.153(0.768-1.890) 0.751
Age (years, <50 vs >50) 2.939(1.419-5.863) 0.008 3.217(1.305-6.921) 0.005
Smoke (no/yes) 2.091(1.135-4.589) 0.027 2.109(1.056-4.762) 0.018
Alcoholism(no/yes) 1.382(0.639-2.531) 0.598
Metastasis (no/yes) 3.409 (1.439-8.757) 0.010 3.602 (1.368-9.583) 0.020
Tumor size (cm, <5 vs.>5) 2.896 (1.581-6.537) 0.002
Microvascular invasion (no/yes)  2.758 (1.311-5.278) 0.010
TNM stage (I vs. I & 1IT) 2.093 (1.596-3.769) 0.001
Sec62 (low vs high) 4.751 (2.068-11.089)  0.000 5.016 (2.109-12.649)  0.000

TNM tumor, node, metastasis
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Fig.2 Upregulation of Sec62 promotes GC cells migration and inva-
sion in vitro and in vivo. After lentivirus transfection, WB assays ver-
ified the protein expression of Sec62 in three GC cell lines, namely,
AGS (A), MKN45 (B) and GES (C). Transwell assays showed that
Sec62 significantly promoted cell migration and invasion in AGS
(D), MKN45 (E), and GES (F) cell lines. Scratch healing assays

compared to IgG (Fig. 4H). In addition, an immunofluores-
cence co-localisation assay also supported this finding. The
Manders Overlap Coefficient (MOC) was 0.937 (Fig. 4I) The
WB assay revealed that the expression of several proteins
in the autophagy pathway, including FIP200, Beclin-1 and
Atg5, was correlated with Sec62 levels (Fig. 4], K). In brief,
Sec62 can activate autophagy via the UPR process involv-
ing PERK/ATF4 and binding to LC3II with concomitant
upregulation of FIP200/Beclin-1/Atg5.

@ Springer

L O Non-metastasis M Metastasis
e 100%
=
=< s
c .2
@2 0%
R
2
g g %
B=iR]
2 g 2%
=
0%
M NC OE
=3
2 sn
= o 40-
v =
£2 :
O
£ =
e 20 Ll
° 3z -
L =
2 _§ 10 .
E = Y B — ——
~ NC OE

confirmed that upregulation of Sec62 enhanced GC cell migration
in GC cell lines (G-I). Representative images of lung tissues from
nude mice (J). Hematoxylin and eosin staining of the lungs and liver
(K). The incidence of lung metastasis (L) and the number of meta-
static nodules in the lungs (M) between the two groups**p <0.01,
*#%p <0.0001

Autophagy blockage by hydroxychloroquine (HCQ)
was confirmed and correlated with repressed MMP2
and MMP9 expression

To determine whether the autophagy process affects GC
metastasis, HCQ (25 uM) was used to treat the lentivirus-
constructed GC cells for 24 h to block autophagy. After
24 h of treatment with HCQ, WB assays showed that both
P62 and LC3II were elevated. In particular, both MMP2
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Fig.3 Sec62 affects TIMP-1 and MMP 2/9 expression instead of
EMT. Western blotting showed that Sec62 expression was positively
associated with MMP2 and MMP?9 in cell lysates, while no correla-
tion was found between Sec62 and EMT markers such as E-cadherin
or vimentin (A, B). Immunofluorescence staining confirmed no cor-
relations between Sec62 and E-cadherin or vimentin in AGS (C),

and MMP9 expression was inhibited after HCQ treatment
(Fig. SA-C). Transmission electron microscopy revealed
that the fusion of autophagosomes and lysosomes was
inhibited (Fig. 5D-F) and immunofluorescence assays after
mRFP-GFP-LC3 adenovirus transfection also suggested the
inhibition of autophagy flux (Fig. 5G-I). Taken together,
these results indicated that autophagy was successfully
blocked.

MMP9

MMP2 [

V&@?&é@ fiﬁﬁ

v N >
& &S

MKN45 (D), and GES (E) cell lines. ELISA showed that Sec62
expression was positively correlated with the activity of MMP2
and MMP9, and negatively associated with TIMP-1 activity in GC
cell culture supernatant (F-H). Gelatin zymography demonstrated
Sec62 upregulated the activity of MMP2/9 in the supernatant of cell
medium (I). *p <0.05, **p <0.01, ***p <0.0001

Sec62 inhibition combined with autophagy
blockage exerts synergetic anti-metastatic effects
in vitro and in vivo

Next, the effect of autophagy blockage on GC cell migration
and invasion was evaluated. When the autophagy flux was
blocked, migration and invasion of GC cells, as measured
by transwell assays (Fig. 6A—C and G-I) and scratch heal-
ing assays (Fig. 6D-F and J-L), were found to be inhibited.
Autophagy blockage could disturb the promotive effect of
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«Fig.4 Sec62 regulates PERK/ATF4 expression and activates
autophagy accompanied by FIP200/Beclin-1/Atg5 upregulation. The
WB assay demonstrated that Sec62 could affect PERK and ATF4
expression and showed no effect on IRE1, JNK, and ATF6 (A, B).
Sec62 correlated with autophagy activation indicated by LC3 II,
and P62 was identified via WB assays (C, D). Transmission elec-
tron microscopy revealed more autophagolysosomes (red arrows) or
autophagosomes (blue arrows) in GC cells with higher Sec62 expres-
sion (E). Immunofluorescence assays after mRFP-GFP-LC3 double-
labeled adenovirus transfection indicated increased LC3II expression
(red or yellow dots) in GC cells with higher Sec62 levels (F, G). The
CO-IP assay showed that exogenous FLAG-tagged Sec62 (the lenti-
virus bears a FLAG tag) is associated with endogenous LC3II (H).
Immunofluorescence co-localisation assays also supported the rela-
tionship between Sec62 and LC3II. The Manders Overlap Coefficient
(MOC) was 0.937 (I). Western blotting revealed a positive correlation
between Sec62 and FIP200, Beclin-1, and Atg5 expression (J-K).
*p<0.05, #p <0.01, ***p <0.0001

Sec62 upregulation on GC cell migration and invasion. In
particular, autophagy blockage demonstrated a more obvi-
ous inhibitory effect on migration and invasion in cells with
lower Sec62 expression, such as AGS KD, MKN45 NC,
and GES NC. Moreover, an in vivo rescue experiment using
HCQ (50 mg/kg) intraperitoneal injection of nude mice con-
firmed that autophagy inhibition could impair the promotive
effect of Sec62 on GC metastasis (Fig. 6M—0). Collectively,
autophagy blockage combined with Sec62 inhibition could
exert synergetic anti-metastatic effects on GC metastasis,
suggesting a promising therapeutic strategy. Conversely,
autophagy activation induced by rapamycin (30 uM, RAPA)
treatment enhanced the ability of GC cell migration and
invasion and rescued the inhibitory effect of Sec62 knock-
down on GC metastasis (Supplementary Fig. S2-S3).

Discussion

Metastatic GC remains the main cause of cancer-associated
mortality. In this study, we found that Sec62 was signifi-
cantly upregulated in GC tissues and cell lines compared to
that in normal controls. Clinically, Sec62 upregulation in GC
patients was positively associated with aggressive tumour
features such as larger tumours, higher incidence of metasta-
sis and advanced TNM stage. Moreover, high Sec62 expres-
sion could be an independent predictor of worse prognosis
in patients with GC. Functionally, Sec62 upregulation could
promote GC metastasis in vivo and in vitro, and revealed a
novel role of Sec62 in autophagy activation via upregula-
tion of the UPR-related PERK/ATF4 pathway and binding
of LC3II during UPR recovery involving FIP200/Beclin-1/

Atg5 upregulation. Autophagy then promoted GC cell
migration and invasion by modulating TIMP-1 and MMP2/9
balance, as depicted in the schematic diagram in Fig. 7. Spe-
cifically, dual inhibition of Sec62 and autophagy exerted
synergistic anti-metastatic effects in vitro and in vivo, sug-
gesting a promising therapeutic strategy for GC metastasis.
Several studies have reported the upregulation of Sec62
in various tumours, including peripheral blood mononu-
clear cells from patients with liver cancer [11, 13, 24-29].
In 2019, a preliminary study published in Biochemical and
Biophysical Research Communications first reported that
Sec62 was highly expressed in gastric cancer which was
consistent with our findings [30]. However, this study only
explored the expression of Sec62 at the mRNA level. The
effect of Sec62 on GC malignant behaviour, especially
metastasis, and the underlying mechanism remain unknown.
Functionally, in this study, bioinformatics and tissue
microarray analysis suggested that Sec62 upregulation was
related to poor prognosis and worse clinicopathological
characteristics in GC patients. Similar findings have been
reported for other tumours. Linxweiler et al. [13], reported
that higher expression levels of Sec62 were correlated with
more severe cervical atypical hyperplasia. Greiner et al. [14]
found that the upregulation of Sec62 protein was positively
correlated with higher Gleason scores in prostate cancer. In
addition, in non-small cell lung cancer and head and neck
squamous cell carcinoma, a correlation between Sec62 over-
expression and shorter survival was also identified [3, 24].
In non-small cell lung cancer, Sec62 upregulation was found
to be associated with poor tumour differentiation and high
incidence of lymph node metastasis [11]. Collectively, these
findings support the role of Sec62 in malignancy.
Furthermore, regarding the effect of Sec62 on GC malig-
nant behaviours, transwell and scratch healing assays showed
that the migratory and invasive abilities of GC cells were
enhanced when Sec62 was upregulated in this study. Similar
findings have been reported for other cancer cells. Sec62
gene knockout has been reported to significantly inhibit
tumour cell invasion and migration in cell lines of prostate
cancer, non-small cell lung cancer, thyroid cancer, and cervi-
cal cancer, but the underlying mechanism remains unknown
[11, 13]. In this study, we performed in vivo experiments
and demonstrated that upregulation of Sec62 could promote
GC cell lung metastasis, while the liver was not affected.
This finding can be explained as follows: Nude mouse tail
vein injection is an animal model of lung metastases [31].
After the tumour cells are injected through the tail vein,

@ Springer



133 Page120f17

S.Suetal.

A & & D
" 00 o
LS
= -ggmcq
o
s
win (e == ] 2
2
MMP) [ = ] E1
-7
AGS
B e E
¢ ® L&
)
po2 [oe o == % ¢ =08
z 5 NC+HC
LC31 ‘—‘ g 4 -0E+HC8
LC3II | s S
Z3
o S ] :
WP [ e ] 5 !
&0
MKN45
& & F
C o . &
& &S
P2[#% o o em]| £ 5 @ Ne
- -
SRR {; i
LC3 I g3
MMP2 [ ————] ¢,
W [ o o] 5
-7
GAPDH [ ——— 0
GES
G

KD+HCQ

MKN45
NC+HCQ
e

OE

GES

NC+HCQ OE+HCQ
g G

NC

OE

NC+HCQ NC+HCQ

KD+HCQ OE+HCQ

AGS MKN45 GES
8 A h (yellow d 1l 8 A h (yellow dots)/cell B Autophagosomes (yellow dots)/cell
= GFp ™ mRFP B Autolysosomes (red dots)/cell = Grp = mRFP = Autolysosomes (red dots)/cell = GFp = mRFP = Autolysosomes (red dots)/cell
< = ok 2= =
58 —_— 0 \ -2 PEE] *
3 ngm —t— 3" gé‘“ = 3 %Em —
§ §§|S« %w,L. égmﬂ xx § §t§mﬂ
& SZm - 2. & 2.
£5 - . £ EE
2 0 o 2 0 2 0
g o = ey << <<
© 49 & &L & '19 C ¢ o@ S & o%,o o & g LSS
X
& @ s@x & o & © s

Fig.5 Autophagy blockage induced by HCQ was confirmed and cor-
related with repressed MMP2 and MMP9 expression. After HCQ
(25 uM) treatment for 24 h, WB blotting showed that autophagy was
blocked, as indicated by LC3II and P62. In addition, both MMP2 and
MMP9 expression was also downregulated after HCQ treatment (A—
C). Transmission electron microscopy showed more autophagosomes
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(blue arrows) and lysosomes (yellow arrows) in the HCQ-treatment
groups (D-F). Immunofluorescence assays demonstrated upregu-
lated LC3II expression (yellow dots) in GC cells after MRFP-GFP-
LC3 adenovirus transfection (G-I). HCQ hydroxychloroquine, blue
arrows: autophagosomes; red arrows, autophagolysosomes; yellow
arrows, lysosomes; *p <0.05, **p <0.01, ***p <0.0001
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they first enter the inferior vena cava, heart, and capillary
network of the lungs in succession, and then into the arterial
blood circulation system and liver. Because the tumour cells
are relatively viscous and easy to gather into mass, they are
generally trapped in the lungs, mainly forming lung metas-
tases, which then may cause metastasis to distant organs
in the later stage. However, the effect of Sec62 on tumour
cell proliferation remains controversial. Several studies have
reported that neither Sec62 knockout nor overexpression
affects tumour cell proliferation [11, 13, 28], while others
have shown that the loss of Sec62 inhibits the proliferation
ability of tumour cells, such as HeLa cells [29, 32].

To date, the mechanism by which Sec62 regulates
tumour migration and invasion has been scarcely investi-
gated. Matrix metalloproteinases (MMPs) and EMT are two
major mechanisms in regulating tumour metastasis [33]; in
particular, MMPs are associated with gastric cancer inva-
sion [34-37]. Thus, when we found that Sec62 promoted
GC cell invasion and was not correlated with E-cadherin
and vimentin, we subsequently examined the relationship
between Sec62 and MMPs and found that Sec62 could affect
MMP2 and MMP9 expression. In particular, we simultane-
ously evaluated the levels of several soluble TIMPs, such as
TIMP-1, 2 and 4, in the culture supernatant. Interestingly, we
found that Sec62 could affect TIMP-1 level, which is a well-
established inhibitor of MMP2 and MMP9 [38]. Moreover,
gelatin zymography also supported the up-regulatory effect
of Sec62 on MMP2/9 proteose activity. Thus, Sec62 may
promote GC metastasis by regulating TIMP-1 and MMP2/9
balance.

As for the modulating mechanism of TIMP-1 and
MMP2/9 by Sec62, a link between UPR activation and
tumor metastasis has been identified in various malignan-
cies [9, 39, 40]. UPR markers such as IRE1 and PERK have
been reported to be important regulatory factors of MMPs.
Xia et al. reported that IRE1 upregulation in oesophageal
squamous cell carcinoma and glioma is positively related
to the expression of MMP9 [41]. In oesophageal squamous
cell carcinoma, Zhu et al. found that ATF4, downstream of
PERK, promoted tumour migration by regulating MMP2,
and was an independent risk factor for poor prognosis [42].
In addition, PERK activation was also found to be associated
with MMP2 and MMP9 in oral squamous cell carcinoma
and breast cancer [43]. The activation of UPR in GC has
also been previously identified and related to the depth of
GC invasion, distant metastasis and TNM stage [44]. Based
on the above findings, and considering the role of Sec62
in UPR resolution, we propose that Sec62 modulating the

TIMP-1 and MMP2/9 balance may involve UPR related
molecules. Therefore, we further explored the correlation
between Sec62 and several key molecules in UPR signalling
pathways and found that Sec62 could affect PERK and ATF4
expression, but had no effect on IRE1, JNK, and ATF6. Col-
lectively, these data suggest that Sec62 regulating TIMP-1-
MMP2/9 may involve PERK/ATF4 modulation.

Furthermore, it has been well defined that autophagy
is one of the results of the PERK/ATF4 pathway [9] and
is implicated in Sec62-mediated UPR resolution. Namely,
Sec62 acts as an autophagy receptor and promotes the deg-
radation of excess ER and misfolded proteins. Through its
LC3-interacting region (LIR) motif, Sec62 binds to mem-
brane-anchored LC3 II, enabling the inclusion of the ER
parts into autophagosomes [4-6, 10, 45, 46]. In addition,
autophagy plays a significant role in cancer metastasis [47,
48]. In particular, autophagy has been recognised as an
inhibitor of TIMP-1 [49-52] and can promote metastasis
by contributing to focal adhesion turnover. MMPs are one
of the most important players in regulating focal adhesion
turnover [47, 53]. Thus, we surmised that autophagy might
be involved in the regulation of the TIMP-1 and MMP2/9
balance by Sec62 and consequently found that Sec62 upreg-
ulation was positively correlated with enhanced autophagy.
Furthermore, we verified that Sec62 could bind to LC3II
and upregulate the expression of FIP200, Beclin-1, and
Atg5, which are all key players in the autophagy activation
pathway. Therefore, Sec62 activation of autophagy may
involve the UPR-related PERK/ATF4 pathway and binding
of LC3II during UPR recovery involving FIP200/Beclin-1/
Atg5 upregulation, although the exact mechanism remains
to be elucidated. Then, autophagy promotes GC metastasis
by regulating the TIMP-1 and MMP2/9 balance.

We further explored the effect of autophagy on GC cell
migration and invasion by enhancing autophagy with rapam-
ycin and blocking autophagy with HCQ. The data indicated
that inhibition of autophagy impaired GC cell migration and
invasion, accompanied by downregulation of MMP2 and
MMPO. In addition, we performed in vivo rescue experi-
ments by inhibiting autophagy with HCQ and found that
autophagy blockage could also inhibit GC metastasis and
attenuate the promotive effect of Sec62 on GC metastasis.
Conversely, after activation of autophagy, GC cell invasion
and migration were enhanced, accompanied by upregula-
tion of MMP2 and MMP9. These results suggest that Sec62
promotes GC invasion and migration by regulating MMP2/
MMP9 via autophagy, and dual inhibition of both Sec62
and autophagy may be an effective therapeutic strategy for
GC metastasis.
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«Fig.6 Autophagy blockage inhibited GC metastasis in vitro and
in vivo. Sec62 inhibition combined with autophagy blockage exerts
synergetic anti-metastatic effects on GC cells. Transwell assays dem-
onstrated the inhibitory effects of autophagy blockage induced by
HCQ on GC cell migration and invasion (A-C and G-I). Scratch
healing assays confirmed that GC cell migration was inhibited after
HCQ treatment (D-F and J-L). In vivo rescue experiments using
HCQ (50 mg/kg) intraperitoneal injection of nude mice verified that
autophagy inhibition could rescue the promotive effect of Sec62 on
GC metastasis. Hematoxylin and eosin staining of the lungs (M). The
incidence of lung metastasis (N) and the number of metastatic nod-
ules in the lungs (O) in diverse groups. HCQ hydroxychloroquine.
*p<0.05, **p <0.01, ***p <0.0001
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Fig.7 Schematic diagram for the pro-metastatic role of Sec62 in
GC. Schematic diagram of the role of Sec62 in GC metastasis. Sec62
activation of autophagy may involve two pathways, namely, the UPR-
related PERK/ATF4 pathway and binding of LC3II during UPR
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In conclusion, the strength of this study is that we have
provided new insights into the mechanism by which Sec62
promotes GC metastasis. Sec62 promotes GC metastasis
by activating autophagy and subsequently regulating the
TIMP-1 and MMP2/9 balance. The activation of autophagy
by Sec62 may involve the UPR-related PERK/ATF4 path-
way and binding of LC3II during UPR recovery involving
FIP200/Beclin-1/Atg5 upregulation, although the exact
mechanism remains to be elucidated. Furthermore, the dual
inhibition of Sec62 and autophagy may be an attractive
therapeutic strategy for GC metastasis.
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recovery involving FIP200/Beclin-1/Atg5 upregulation. Autophagy
subsequently promotes GC metastasis by regulating the TIMP-1 and
MMP2/9 balance
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