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Abstract

Background Sec23 homolog A (SEC23A), a core component of coat protein complex Il (COPII), has been reported
to be involved in several cancers. However, the role of SEC23A in gastric cancer remains unclear.

Methods The expression of SEC23A in gastric cancer was analyzed by using gRT-PCR, western blotting and IHC
staining. The role of SEC23A in ER stress resistance was explored by functional experiments in vitro and vivo. The
occupation of STAT3 on the SEC23A promoter region was verified by luciferase reporter plasmids and CHIP assay. The
interaction between SEC23A and ANXA2 was identified by Co-IP and mass spectrometry analysis.

Results We demonstrated that SEC23A was upregulated in gastric cancer and predicted poor prognosis in patients
with gastric cancer. Mechanistically, SEC23A was transcriptional upregulated by ER stress-induced pY705-STAT3.
Highly expressed SEC23A promoted autophagy by regulating the cellular localization of ANXA2. The SEC23A-ANXA2-
autophay axis, in turn, protected gastric cancer cells from ER stress-induced apoptosis. Furthermore, we identified
SEC23A attenuated 5-FU therapeutic effectiveness in gastric cancer cells through autophagy-mediated ER stress relief.

Conclusion We reveal an ER stress-SEC23A-autophagy negative feedback loop that enhances the ability of gastric
cancer cells to resist the adverse survival environments. These results identify SEC23A as a promising molecular target
for potential therapeutic intervention and prognostic prediction in patients with gastric cancer.
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Background

Gastric cancer (GC) is the fifth most prevalent malig-
nancy and the fourth leading cause of cancer-related
mortality worldwide [1, 2]. It is critical to investigate
the primary causes and underlying mechanisms of
poor prognosis in GC patients. Chemotherapy con-
tinues to be the principal treatment for advanced GC.
Chemotherapy resistance and unavoidable toxicity
drastically limit the therapeutic effects of the treat-
ment, resulting in a dismal prognosis for patients with
GC [3]. The majority of GC patients usually have a
poor prognosis due to late diagnosis and inadequate
response to available treatments [4]. Therefore, it is
essential to explore the mechanisms of GC progression
and chemotherapy resistance in order to identify effec-
tive therapeutic targets and improve the prognosis of
GC patients.

Endoplasmic reticulum (ER) stress caused by intrin-
sic and extrinsic variables and adverse survival environ-
ments, such as increased metabolic demand, reactive
oxygen species (ROS) overproduction, and cytotoxic
medicines, which tumor cells frequently encounter,
affects the function and survival of tumor cells [5]. The
unfolded protein response (UPR) is the adaptive mecha-
nism that restores ER homeostasis through a number of
pathways, including transcriptional reprogramming and
mRNA decay, global translational absorption, and recy-
cling of misfolded proteins and cellular materials through
autophagy induction [5, 6]. Activation of the UPR pro-
motes cell adaptation to stress and survival by restoring
ER homeostasis. However, if ER stress persists and home-
ostasis cannot be restored, the UPR triggers cell death in
cells that are beyond repair [6, 7]. Multiple unfavorable
survival environments for tumor growth have the poten-
tial to cause ER stress and then activate the UPR, which
shields cancer cells from ER stress-induced apoptosis
and promotes tumor progression and therapy resistance
[8-10]. Examining the mechanisms by which GC cells
evade apoptosis when exposed to ER stress and identify-
ing prospective therapeutic targets for ER stress-induced
cell death are crucial for impeding tumor progression
and enhancing chemotherapy efficacy.

Macroautophagy/autophagy is a highly conserved cel-
lular process that is rigorously governed by a series of

(See figure on next page.)
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signaling pathways [11]. Autophagy recycles cell com-
ponents and supplies macromolecular precursors by
delivering cell materials to lysosomes for degradation
via double-membrane vesicles called autophagosomes
[12]. Autophagy can be induced over the basal level of
activity by many cellular stresses, including ER stress
[13]. As a primarily pro-survival process, the autophagy
eliminates misfolded proteins to recover ER homeosta-
sis under conditions of ER stress [14, 15]. During chem-
otherapy, cytoprotective autophagy suppression has
been shown to increase ER stress-induced cell death in
cancer cells [16, 17].

Sec23 homolog A (SEC23A) is a core component of
coat protein complex II (COPII), which helps trans-
port proteins and lipids from the endoplasmic reticu-
lum to the Golgi apparatus [18]. Functionally, SEC23A
promotes vesicle transport, regulates protein secretion,
and controls membrane protein trafficking [19-22].
Previous studies have revealed that SEC23A regulates
autophagy and mediates ER stress-induced unfolded pro-
tein response (UPR) recovery by eliminating excess ER
in a process called ER-phagy [23]. SEC23A overexpres-
sion has been linked to a poor prognosis in bladder and
gastric cancers [24]. Recent studies have demonstrated
that SEC23A inhibits melanoma metastasis via autocrine
activation of autophagy in extravasated tumor cells and
inhibition of the MAPK signaling pathway [25, 26]. How-
ever, the functions and underlying mechanisms by which
SEC23A is involved in GC progression have not been
investigated.

In the present study, we reported that SEC23A is
highly expressed in GC cells under ER stress, which
is important for ER stress relief and avoidance of ER
stress-induced apoptosis via the autophagy induction.
ER stress, SEC23A and autophagy form a negative
feedback loop that maintain GC cells survival advan-
tage during ER stress. The ER stress-induced activa-
tion of SEC23A transcription requires activation of the
JAK2-STAT3 (Janus kinase 2—signal transducer trans-
ducer and activator of transcription 3) signaling path-
way to phosphorylate STAT3 at Tyr705, which binds to
the SEC23A promoter region more frequently during
ER stress. In addition, we demonstrated that SEC23A
facilitates Annexin A2 (ANXA?2) plasma membrane

Fig. 1 SEC23A was overexpressed in GC and indicated poor prognosis. A and B Expression and survival analysis of SEC23A in TCGA and GTEx
dataset using GEPIA2 database. C SEC23A expression analysis using gRT-PCR in 82 paired GC and adjacent normal tissues. D SEC23A expression
analysis using western blotting in 12 paired GC and adjacent normal tissues. E and F IHC staining images (E) and the H-Score (F) of SEC23A
expression in 30 GC tissues and matched normal tissues. G Survival analysis of SEC23A using log-rank test in 82 GC patients. H Survival analysis
of SEC23A using log-rank test in GSE62254 and GSE15459 datasets. I and J Univariate (I) and multivariate (J) Cox regression analysis of SEC23A

expression in GC with TCGA dataset
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trafficking, resulting in increased autophagic flux in
GC cells. Moreover, SEC23A suppression significantly
enhanced 5-fluorouracil (5-FU) efficacy for GC cells
in vitro and in vivo by inhibiting autophagy and reliev-
ing ER stress. Due to its cytoprotective function during
ER stress, SEC23A may represent a promising molecu-
lar target whose inhibition could be used to inhibit GC
development and improve chemotherapeutic efficacy.

Methods

Patient tissue samples

A total of 82 paired GC and adjacent normal tissues
were obtained at the First Affiliated Hospital of Nan-
jing Medical University for comparisons of SEC23A
expression between paired tumor and paratumor tis-
sues. Of these, 30 pairs of tissues were used for immu-
nohistochemical staining, 12 pairs for western blotting,
and 82 pairs were used for qRT-PCR. None of these
patients have received chemotherapy or radiotherapy.

Page 4 of 20

The research has been endorsed by the Medical Ethics
Committee of the First Affiliated Hospital of Nanjing
Medical University.

Cell culture and transfection

MKN45 and HGC27 human GC cell lines were pur-
chased from Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and were cultured in
RPMI-1640 (Wisent, 350—000-CL) supplemented with
10% fetal bovine serum (FBS) (Gibco, 10270-106) in
an incubator supplemented with 5% CO, and operat-
ing at 37 °C.

To establish stable SEC23A-knockdown and
SEC23A-overexpressing GC cells, lentivirus vectors
containing short-hairpin RNA (shRNA) sequences
against SEC23A (shSEC23A-1 and shSEC23A-2),
SEC23A sequence plasmid (0eSEC23A) and their con-
trol vectors (shNC and vector) were obtained from
GEMA (Shanghai, China).

Table 1 Relationships between SEC23A expression and the clinicopathologic characteristics in 82 gastric cancer patients

Characteristics Group Case SEC23A expression p-value
Low High

Age <60 40 21 (25.6%) 19(23.2%) 0.659
> 60 42 20 (24.4%) 22(26.8%)

Gender Male 32 19 (23.2%) 3(15.9%) 0174
Female 50 22 (26.8%) 8 (34.1%)

Tumor size <4cm 53 34 (41.5%) 9 (23.2%) < 0.001
>4cm 29 7 (8.5%) 2 (26.8%)

Tumor differentiation Well + moderate 54 22 (26.8%) 2 (39%) 0.020
Poor 28 9 (23.2%) 9(11%)

Tumor Invasion T1-T2 36 25 (30.5%) 11 (13.4%) 0.002
T3-T4 46 6 (19.5%) 30 (36.6%)

Lymph node metastasis Negative 34 20 (24.4%) 14 (17.1%) 0.179
Positive 48 21 (25.6%) 27 (32. 9%)

TNM stage [l 39 24 (29.3%) 15 (18.3%) 0.047
1IE\% 43 7 (20.7%) 26 (31.7%)

(See figure on next page.)

Fig. 2 SEC23A was upregulated in GC cells during ER stress. A GSEA analysis of SEC23A using TCGA STAD mRNA expression data. B Representative
images of immunofluorescence co-staining SEC23A, BiP and cytokeratin in 15 GC tissues. C Fluorescence intensity quantitative analysis

of SEC23A expression in BiP™ and BiP” areas of human GC tissues (n = 15). D and E gRT-PCR (D) and western blotting (E) analysis of SEC23A
expression in MKN45 cells under concentration gradient treatments of DTT for 12 h. F and G gRT-PCR (F) and western blotting (G) analysis

of SEC23A expression in MKN45 cells under concentration gradient treatments of TM for 12 h. H and I MKN45 cells were treated with 5 mM

4-PBA for 12 h, SEC23A expression was detected by gRT-PCR (H) and western blotting (I). J gRT-PCR analysis of SEC23A expression in MKN45 cells
under concentration gradient treatments of H,0, for 24 h. K qRT-PCR analysis of SEC23A expression in MKN45 cells under concentration gradient
treatments of 5-FU for 24 h. L Western blotting analysis of SEC23A expression in MKN45 cells under concentration gradient treatments of H,0,

and 5-FU respectively for 24 h
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For the silencing of STAT3, ATF6, ATF4, CHOP, XBP1
and CREB3L2, MKN45 and HGC27 cells were tran-
siently transfected with small interfering RNAs (siR-
NAs) (GEMA, Shanghai, China) targeting these mRNAs
and their negative controls by using the Lipofectamine
3000 Reagent (Invitrogen, L3000015) according to the
protocol.

All the sequences are listed in Supplementary Table S1.

Quantitative RT-PCR
Total RNA was extracted from cultured cells as described
in a previous study [27]. The cDNA synthesis and quan-
titative PCR assays were performed using HiScript III
All-in-one RT SuperMix Perfect for qPCR (Vazyme,
R333-01) and AceQ qPCR SYBR Green Master Mix
(Vazyme, Q141-02) according to the kit protocols. All
samples were measured with QuantStudio 7 system
(Thermo Fisher Scientific, USA) in 96-well plate. The rel-
ative expression levels were standardized to the internal
control GAPDH using the ?Ct method.

The primers used for qPCR were listed in Supplementary
Table S2.

Western blotting
Cell protein was extracted with RIPA Lysis Buffer (Beyo-
time, PO013B) and the concentration was detected by
Enhanced BCA Protein Assay Kit (Beyotime, P0010).
Western blotting was performed as described previously
[27]. The results were measured by Image] software.

The antibodies were used for western blotting are listed
in Supplementary Table S3.

Animal studies

The animal procedures were approved by the Commit-
tee on the Ethics of Animal Experiments of Nanjing
Medical University. All the mice were purchased from
the Animal Center of Nanjing Medical University. For
the subcutaneous tumor formation models, five mice

(See figure on next page.)
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per group, 2 X 10° shNC and shSEC23A MKN45 cells
were diluted with PBS to 100 pl and then injected into
the axilla of the forelimbs of 4- to 5-week-old nude
mice. 12 days after inoculation, mice were intraperito-
neally injected with drugs respectively (100 pl/d PBS
for the control group, 0.5 mg/kg/d TM or 0.5 mg/kg/d
5-FU for the treatment groups) every four days. The
tumor volume was monitored every 2 days postinjec-
tion and calculated with the following formula: V = p
/6 (Length x Width?). At the 4th week postinoculation,
animals were sacrificed and tumors were collected and
weighed.

Bioinformatics and statistics

Expression differences and survival analyses of SEC23A
in TCGA dataset were obtained from GEPIA2 database.
Survival analyses in GEO dataset and 82 GC patients
from our center, univariate and multivariate Cox regres-
sion analysis, GSEA, and Spearman correlation analysis
were performed with RStudio (1.4.1717).

All experiments were preformed three times inde-
pendently and the results are reported as mean +
SD.Comparisons of SEC23A expression between paired
tumor and paratumor tissues were performed by paired
Student’s t-test. The relationship between SEC23A
expression and clinicopathological characteristics was
analyzed with chi-square test. Differences between
experimental and control groups were analyzed with
unpaired Student’s t-test for parametric tests and Wil-
coxon signed-rank test for nonparametric tests. Values
of p < 0.05 were considered statistically significant. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Results

SEC23A was upregulated in GC and predicted a poor
prognosis in patients with GC

According to the TCGA and GTEx datasets, we
found that SEC23A was highly expressed in GC tissue

Fig. 3 ER stress promoted SEC23A transcription by activating JAK2-STAT3 signaling pathway. A Spearman correlation analysis between STAT3

and SEC23A mRNA expression using TCGA dataset. B and C Western blotting (B) and gRT-PCR (C) assays to detect SEC23A expression in TM (1.0 ug/
ml, 12 h) treated MKN45 and HGC27 cells with STAT3 knockdown or inhibited (S31-201, 10 uM, 24 h) and corresponding controls. D Potential

three STAT3 motif sites occupied in the promoter of SEC23A were cloned into luciferase reporter vectors (including BS1, BS2 and BS3) (left).
Promoter-luciferase reporter activity changes of the three vectors in MKN45 cells after TM treatments (1.0 ug/ml, 12 h) (right). E The wild-type

(BS2) and mutant form (BS2M) sequences of luciferase reporter vector containing the second binding site (left). Promoter luciferase reporter
activity in MKN45 cells treated with indicated experimental settings (right). For TM treatments, 1.0 ug/ml, 12 h. For S31-201 treatments, 10 uM,

24 h. F ChIP-gPCR analysis using anti-pY705-STAT3 antibody to determine the occupation of pY705-STAT3 on the SEC23A promoter in MKN45

cells in the presence or absence of 1.0 pg/ml TM treatment for 12 h. G Western blotting analysis to detect the subcellular expression of STAT3

and pY705-STAT3 in MKN45 and HGC27 cells with or without 1.0 ug/mlI TM treatment for 12 h. H Immunofluorescence to detect the expression

and localization of pY705-STAT3 in MKN45 and HGC27 cells with or without 1.0 pg/ml TM treatment for 12 h. I gRT-PCR and Western blotting assays
to analysis the effect of JAK2 specific inhibitor AG490 and STAT3 inhibitor S31-201 on the expression of SEC23A and JAK2/STAT3 signaling molecules
in MKN45 and HGC27 cells under TM treatment (1.0 ug/ml, 12 h)
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(Fig. 1A). In addition, the GEPIA2 database revealed
that GC patients with a higher SEC23A expression
exhibited shortened overall survival and disease-free
survival (Fig. 1B). These results suggested that SEC23A
may take an essential part in the development of GC.
According to qRT-PCR and western blot data, SEC23A
was considerably upregulated in GC tissues when com-
pared to adjacent normal tissues (Fig. 1C and D). IHC
staining and the H-Score also confirmed the upregu-
lation of SEC23A in GC tissues (Fig. 1E and F). The
clinicopathologic and survival information for the 82
GC patients from our center showed that high SEC23A
expression was associated with more advanced tumors
and worse prognosis (Table 1 and Fig. 1G). Consist-
ent survival analysis results were obtained from the
GSE62254 and GSE15459 datasets (Fig. 1H). Univari-
ate and multivariate Cox regression analyses with the
TCGA dataset revealed high SEC23A expression was
an independent indicator for predicting the overall
survival of GC patients (Fig. 1I and J). Collectively,
these results demonstrated that SEC23A was highly
expressed in GC tissues and was associated with a
poor prognosis.

SEC23A was induced in the condition of ER stress

To develop a basic understanding of the roles and
mechanisms of SEC23A on GC, we conducted GSEA
using TCGA dataset. Results indicated a signifi-
cant correlation between SEC23A and UPR (Fig. 2A).
Since UPR is the symbolic pathway of ER stress, we
initially performed immunofluorescence staining of
SEC23A in human GC tissues with GRP78/BiP, an
ER stress marker in the UPR pathway [28]. We dis-
covered that BiP-positive regions displayed signifi-
cantly higher SEC23A staining level, suggesting that
SEC23A was associated with ER stress (Fig. 2B and
C). To determine the relationship between SEC23A
and ER stress, we first tested whether ER stress influ-
ences SEC23A expression in GC cells. MKN45 and
HGC27 cells were treated with the ER stress inducers
dithiothreitol (DTT) and tunicamycin (TM). gRT-PCR

(See figure on next page.)
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and western blotting results revealed that both DTT
and TM treatments induced significant increases
in SEC23A expression (Fig. 2D-G; Fig. S1A and B).
Moreover, treatment with 4-PBA, an ER stress inhibi-
tor, apparently reduced SEC23A expression (Fig. 2H
and I). Comparable outcomes were obtained when we
used different ER stress inducers, such as 5-FU and
H,0,, to mimic the ER stressors that GC cells typically
encounter (Fig. 2J-L; Fig. S1C and D). Then we further
conducted immunofluorescence staining of SEC23A
in human normal stomach tissues with BiP, found the
same spatial expression association between SEC23A
and BiP (Fig. S1E and F). In the BiP-positive region,
SEC23A and BiP fluorescence intensity showed a sig-
nificant positive correlation (Fig S1G). Moreover, the
normal stomach tissues displayed lower expression
of SEC23A and BiP than GC tissues (Fig. SIH and I).
There was a positive correlation between SEC23A and
BiP expression (Fig. S1J). Based on the results, we con-
cluded that SEC23A was upregulated in response to ER
stress and the increased ER stress may contributed to
the high expression of SEC23A in GC tissues. Then we
constructed stable SEC23A overexpressing or SEC23A
knockdown GC cells using lentiviruses to explore
whether SEC23A regulates ER stress (Fig. S1K and L).
According to western blotting data, SEC23A knock-
down increased BiP expression (Fig. SIM), whereas
SEC23A overexpression decreased BiP expression,
indicating that SEC23A may reduce the severity of
ER stress (Fig. SIN). The expression relationship
between SEC23A and BiP demonstrated by western
blotting contradicts the results described above. We
hypothesized that ER stress increases SEC23A expres-
sion, which serves in turn as a protective mechanism
to relieve ER stress and promotes GC cells ER stress
resistance.

ER stress activated SEC23A transcription

via the JAK2-STAT3 signaling pathway

Previous studies have shown that cells activate the UPR
in response to ER stress, including IREla, ATF6a and

Fig.4 SEC23A promoted GC cells resistance to ER stress in vitro and vivo. A and B CCK 8 assays in SEC23A silenced MKN45 cells (A) and HGC27 cells
(B) under concentration gradient TM treatments for 12 h. C and D Quantification of colony formation assays to determine cell survival in SEC23A
silenced MKN45 (C) and HGC27 cells. D treated with indicated doses of TM for 12 h. E and F Quantification of flow cytometry to analysis cell
apoptosis in SEC23A silenced MKN45 (E) and HGC27 cells (F) treated with indicated doses of TM for 12 h. G Western blotting against c-caspase3
performed on SEC23A silenced MKN45 and HGC27 cells under 12 h TM treatment with indicated doses. H Changes in subcutaneous tumor
volumes of mice from the four groups (including PBS + shNC, PBS + shSEC23A-1, TM + shNC, TM + shSEC23A-1 groups). I and J Quantification

of subcutaneous tumor weight (I) and the tumor representative images (J) from the four groups. K Subcutaneous tumor section images

from the four groups stained with anti-c-caspase3 antibody, tunel reagent, anti-Ki67 antibody and BiP antibody. L-O Quantification of c-caspase3

(L), Tunel (M), Ki67 (N) and BiP (O) stain of the four groups
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PERK pathways [29]. Due to the crosstalk between
these UPR pathways, it is inappropriate to investigate
the mechanism by which ER stress promotes SEC23A
expression by only blocking only one of them. TM
treatments increased SEC23A expression at both
mRNA and protein levels, indicating that ER stress
may stimulate SEC23A transcription. We first verified
whether the several critical transcription factors in the
UPR were upstream of SEC23A, including ATF4, ATF6,
XBP1, CHOP, and CREB3L2. The findings demon-
strated that suppression of these transcription factors
had no discernible effect on SEC23A expression during
ER stress (Fig. S2A-E). Then we explored the transcrip-
tion factors that could potentially associate with the
promoter region of SEC23A using the UCSC genome
browser and JASPAR database. We found STAT3 may
bind to the SEC23A promoter, and there was a sig-
nificantly positive correlation between STAT3 and
SEC23A mRNA expression in GC using GEPIA2 data-
base (Fig. 3A). ER stress has been reported to be asso-
ciated with the nuclear accumulation of pY705-STAT3
via the phosphorylation of PERK and subsequent acti-
vation of the JAK2-STAT3 pathway [30, 31]. To verify
the involvement of this pathway in ER stress-induced
SEC23A expression, we inhibited STAT3 using siRNA
in GC cells and detected SEC23A expression with TM
treatment. As expected, suppression of STAT3 expres-
sion attenuated ER stress-induced SEC23A upregu-
lation, STAT3 inhibitor S3I-201 treatment produced
the same outcomes (Fig. 3B, C). According to JASPAR
database predicted results, three classical STAT3 bind-
ing motifs were identified in the promoter of SEC23A
(2000 bp upstream of the transcription start site).
Therefore, we constructed three luciferase reporter
plasmids named BS1, BS2 and BS3, containing these
motifs to further determine whether STAT3 transcrip-
tionally regulates SEC23A (Fig. 3D). Only BS2 exhib-
ited increased luciferase activity upon TM treatment,
and this increase was diminished by STAT3 inhibition
(Fig. 3D and E). The regulation of BS2 luciferase activ-
ity following TM treatment was blocked in the mutant
plasmid, indicating that the second binding site was

(See figure on next page.)
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a positive STAT3 binding site on the SEC23A pro-
moter (Fig. 3E). ChIP-qPCR assays showed that STAT3
could directly bind to the SEC23A promoter region,
and the occupation of STAT3 on the SEC23A pro-
moter was increased following TM treatment (Fig. 3F).
Taken together, our data indicated that STAT3 was an
upstream transcriptional factor of SEC23A during ER
stress. Consistent with reported results, TM treatment
promoted STAT3 phosphorylation at Tyr705 in both
the cytoplasm and the nucleus, as shown by western
blotting (Fig. 3G) and immunofluorescence confocal
microscopy (Fig. 3H). Furthermore, increased SEC23A
expression resulting from ER stress was diminished by
JAK2 inhibitor AG490 and STAT3 inhibitor S3I-201
treatments (Fig. 3I). Taken together, these data indi-
cated that activation of the JAK2-STAT3 pathway con-
tributes to ER stress-induced SEC23A upregulation in
GC cells.

SEC23A promoted GC cell resistance to ER stress

We conducted additional functional experiments to
ascertain whether increased SEC23A expression is a
factor that protects GC cells from ER stress-induced
apoptosis. As determined by CCK-8 and colony for-
mation assays, SEC23A suppression significantly
decreased cell viability in GC cells treated with TM
(Fig. 4A-D), whereas SEC23A overexpression signifi-
cantly increased GC cell resistance to ER stress (Fig.
S3A-C). The effect of SEC23A on the apoptosis of
TM-treated cells was further verified by flow cytom-
etry using annexin V-PI labeling and western blotting
against c-caspase3 and c-PARP (Fig. 4E-G; Fig. S3D-
H). Then we subcutaneously inoculated the shNC and
shSEC23A-1 MKN45 cells into nude mice to verify the
roles of SEC23A in GC growth and ER stress adapta-
tion in vivo. Four experimental groups were estab-
lished: PBS + shNC, PBS + shSEC23A-1, TM + shNC,
and TM + shSEC23A-1. The tumor volume and weight
showed that SEC23A knockdown could inhibit tumor
growth and enhance MKN45 cells sensitivity to ER
stress in vivo (Fig. 4H-J). C-caspase3 and BiP stain-
ing and Tunel assays showed that the shSEC23A-1

Fig. 5 SEC23A contributed to the activated autophagy in GC cells during ER stress. A Expression levels of p62, ATG5, LC3B-I and LC3B-II

in MKN45 and HGC27 cells with SEC23A knockdown and corresponding controls detected by western blotting. B Expression levels of p62, ATG5,
LC3B-Iand LC3B-Ilin MKN45 and HGC27 cells with SEC23A overexpression and corresponding control detected by western blotting. Cand D
Representative immunofluorescence images (C) and quantification (D) of the LC3B puncta in mCherry-EGFP-LC3B transfected MKN45 and HGC27
cells with SEC23A knockdown and corresponding controls in the presence or absence of 1.0 pg/ml TM treatment for 12 h. E Western blotting results
of p62, ATG5, LC3B-I and LC3B-Il expression levels in MKN45 and HGC27 cells with SEC23A knockdown and corresponding controls in the presence
or absence of 1.0 ug/ml TM treatment for 12 h. F Representative autophagic structure images (left) and quantification (right) of transmission
electron microscopy in shNC and shSEC23A-1 MKN45 cells with or without 1.0 pg/ml TM treatment for 12 h
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group with or without TM treatments exhibited more
apoptotic cells and ER stress severity, suggesting that
shSEC23A-1 cells were more susceptible to apoptosis
and more sensitive to ER stress than shNC cells in vivo
(Fig. 4K-M and O). The immunohistochemistry results
of the shSEC23A-1 group revealed less Ki-67 staining
in tumor tissues than the shNC group, with or without
TM treatment (Fig. 4K and N). In conclusion, SEC23A
promoted GC cells’ survival advantage during ER
stress, whether from baseline or extra stimuli.

SEC23A contributed to the autophagy activation in GC
cells during ER stress

Previous studies have reported that SEC23A is involved
in elevating autophagy [26]. Autophagy has been
linked to promotion of ER stress adaptation in cancer
cells [32, 33]. Therefore, we explored whether SEC23A
enhanced autophagy to protect GC cells from ER stress-
induced cell death. Western blotting revealed that the
shSEC23A-1 and shSEC23A-2 cells displayed a lower
expression of LC3B-II and ATGS5, and a higher expres-
sion of SQSTM2/p62 than the shNC cells (Fig. 5A).
Consistently, the 0eSEC23A GC cells exhibited higher
LC3B-II and ATGS5, lower p62 expression compared
to the vector GC cells (Fig. 5B). Confocal microscopy
observations demonstrated that SEC23A knockdown
decreased autophagosomes and autolysosomes numbers
(Fig. 5C and D). SEC23A overexpression elevated the
accumulation of autophagosomes and autolysosomes
(Fig. S4A and B). These results suggested that SEC23A
enhanced basal autophagic flux in GC cells. Further-
more, TM treatments induced significant increases in
the number of autophagosomes and autolysosomes,
whereas SEC23A suppression attenuated the accumula-
tion of autophagosomes and autolysosomes induced by
TM treatment (Fig. 5C and D). Moreover, western blot-
ting results showed the increased LC3B-II and ATGS5,
decreased p62 following TM treatments were reversed
by SEC23A suppression (Fig. 5E). The same results
were obtained through electron microscopy obser-
vation (Fig. 5F). Accordingly, it was concluded that
SEC23A contributed to the autophagy activation in GC
cells under ER stress.

(See figure on next page.)
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SEC23A increased ANXA2 localization on the cell
membrane to stimulate autophagy

To explore the mechanisms by which SEC23A induces
autophagy in GC cells undergoing ER stress, we pre-
formed IP assay and mass spectrometry to identify the
proteins which SEC23A interacts in MKN45 cells under
ER stress (Fig. 6A). According to the results, Annexin
A2 (ANXA2) was bound to SEC23A with the highest
score (Fig. 6B). Co-IP and immunofluorescence assays
further validated the binding and colocalization of
SEC23A and ANXA?2 (Fig. 6C and D; Fig. S5A). ANXA2
is an annexin family protein involved in multiple bio-
logical processes, including epithelial-mesenchymal
transition, chemoresistance and autophagy [34-36].
We hypothesized that ANXA2 contributes to SEC23A
induced autophagy and ER stress relief. Western blot-
ting results showed that knockdown or overexpres-
sion of SEC23A had no effect on ANXA2 expression
during ER stress (Fig. S5B). Previous research has
demonstrated that the spatial localization of ANXA2
affects how it functions. Cytoplasmic ANXA2 pre-
vents autophagy by combining with TFEB, a dominant
transcription factor for autophagy, and rendering it
inactive [34]. While ANXA2, which is located at the
plasma membrane, promotes autophagy by boosting
the production of plasma membrane-derived ATG16L*
autophagosomes [35]. We speculated that SEC23A
regulated the subcellular localization of ANXA2. Sub-
cellular fractionation western blotting and cellular
immunofluorescence performed on TM-treated GC
cells, we first demonstrated that ANXA2 was predomi-
nantly localized in the cytoplasm when SEC23A was
suppressed, whereas ANXA2 cell membrane localiza-
tion was dramatically increased when SEC23A was
overexpressed, indicating that SEC23A facilitated
localization of ANXA2 on cell membranes during ER
stress (Fig. 6E-G; Fig. S5C-E). The interaction between
ANXA2 and TFEB was decreased following SEC23A
knockdown (Fig. 6H; Fig. S5F). SEC23A knockdown
reduced the colocalization between ANXA2 and
ATG16L1, indicating SEC23A knockdown may inhibit
the production of ATG16L* autophagosomes by regu-
lating ANXA2 plasma membrane trafficking (Fig. 61

Fig. 6 SEC23A increased ANXA2 localization on the cell membrane to stimulate autophagy. A Silver staining image of IP assay using anti-SEC23A
antibody and IgG in MKN45 cells. B Mass spectrometry image of ANXA2. C Co-IP assay using anti-SEC23A and anti-ANXA2 antibody to detect

the binding of SEC23A and ANXA2 in MKN45 cells. D Immunofluorescence co-staining SEC23A and ANXA2 in MKN45 and HGC27 cells. E and F
Immunofluorescence images (E) and quantitation (F) to detect the cell membrane localization of ANXA2 in shNC and shSEC23A-1 MKN45 cells.
G Western blotting analysis to detect the subcellular expression of ANXA2 in shNC and shSEC23A-1 MKN45 cells. H IP assay using anti-ANXA2
antibody to detect the content of TFEB bound to ANXA2 in shNC and shSEC23A-1 MKN45 cells. I and J Immunofluorescence quantitation (I)

and images (J) to detect the co-localization of ANXA2 and ATG16L1 in shNC and shSEC23A-1 MKN45 cells. K Western blotting analysis to detect
the expression of LC3B-I, LC3B-II, p62, BiP, c-caspase3 in MKN45 cell with indicated experimental settings
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and J; Fig. S5G and H). Then we treated 0eSEC23A
GC cells with PY-60, a chemical that liberates ANXA2
from the plasma membrane by inhibiting its binding
phosphoinositide [37]. The protection during ER stress
induced by SEC23A was attenuated by PY-60 treatment
(Fig. S5I). PY-60 treatment decreased LC3B-II and
increased p62 expression in TM treated GC cells, and
PY-60 reversed the SEC23A-induced decreases in BiP,
c-caspase3 and c-PARP expression (Fig. 6K; Fig. S5] and
K). Collectively, these findings suggested that SEC23A
promotes autophagy and ER stress relief by regulating
the localization of ANXA?2 at the plasma membrane.

SEC23A protected GC cells from ER stress-induced
apoptosis by promoting autophagy

To confirm the contribution of autophagy to ER
stress survival advantage conferred by SEC23A, we
severally applied the autophagy activator RAPA on
shSEC23A GC cells and the autophagy inhibitor CQ
on 0eSEC23A GC cells. Results from the CCK8 assay
revealed that shSEC23A-1 4+ RAPA group performed
with greater cell viability than the shSEC23A group
following TM treatment (Fig. 7A). After receiving CQ
treatment, the cell viability of 0eSEC23A group was
dramatically decreased (Fig. 7B). Colony formation
assays produced comparable findings (Fig. 7C and D).
We next conducted flow-cytometric apoptosis assays
and western blotting against c-caspase3 and c-PARP
to detect cell apoptosis. RAPA treatments reversed
the increased cell apoptosis observed in shSEC23A
GC cells (Fig. 7E-G, I and J). Moreover, CQ treatments
decreased ER stress resistance in 0eSEC23A GC cells
(Fig. 7E, F, H, K and L). These results further verified
that autophagy contributes to ER stress adaptation
induced by SEC23A in GC cells.

SEC23A reduced chemotherapeutic efficacy

via autophagy-mediated ER stress adaptation

Anticancer drugs, such as sorafenib, bortezomib, cis-
platin, 5-FU, and paclitaxel have been shown to cause
cancer cell death by triggering ER stress-mediated

(See figure on next page.)
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apoptosis [38—42]. Various tumors acquire chemore-
sistance as a result of ER stress adaptation [9, 43, 44].
Resistance to chemotherapy can be lessened by treat-
ments that target ER stress [45—50]. Inhibition of cyto-
protective autophagy could enhance chemotherapeutic
efficacy [51-54]. Considering the roles that SEC23A
played in ER stress relief and autophagy, we next inves-
tigated whether SEC23A influences the effectiveness
of chemotherapy. We treated GC cells with 5-FU, a
first-line chemotherapeutic agent against GC [1]. Cell
transmission electron microscopy and western blotting
experiments indicated that 5-FU triggered ER stress,
and knockdown of SEC23A further increased the sever-
ity of ER stress induced by 5-FU (Fig. 8A and B). To
unveil the possible link connecting SEC23A and chemo-
therapy effect, we conducted functional experiments
in vitro and vivo. SEC23A knockdown significantly
sensitized GC cells to 5-FU and overexpressed SEC23A
decreased 5-FU-induced cell death, as evidenced by
flow cytometry and cell viability (Fig. 8C and D; Fig.
S6A-C). Compared to shSEC23A-1 group, autophagy
activator RAPA reversed the decreased cell viability and
increased cell apoptosis rate (Fig. 8C and D; Fig. S6A).
Furthermore, autophagy inhibitor CQ apparently weak-
ened cell viability and increased cell apoptotic rate in
SEC23A overexpressed GC cells treated with 5-FU (Fig.
S6A-C). The colony formation assays and western blot-
ting against c-caspase3 and c-PARP obtained similar
results (Fig. 8E and F; Fig. S6D-H). Under 5-FU treat-
ments, SEC23A knockdown inhibited tumor growth,
as demonstrated by the volume and weight of tumors
(Fig. 8G and H). These results were also validated
by Ki67, c-caspase3, BiP and tunel staining (Fig. 8I-
L). Combined with the previous findings, we con-
cluded that SEC23A attenuated 5-FU efficacy through
autophagy-induced ER stress relief in GC cells.

Discussion

ER stress is implicated in multiple biological processes
during GC tumorigenesis and progression, including
cell proliferation, metastasis, and therapy resistance

Fig. 7 Autophagy was contributed to ER stress adaptation induced by SEC23A in GC cells. A CCK8 assays of three groups (including shNC,
ShSEC23A-1 and shSEC23A-1 4+ RAPA [15 uM, 12 h]) in MKN45 cells and HGC27 cells under concentration gradient TM treatments for 12 h. B CCK8
assays of three groups (including vector, 0eSEC23A and 0eSEC23A + CQ [10 uM, 12 h]) in MKN45 cells and HGC27 cells under concentration
gradient TM treatments for 12 h. C and D Colony formation assays images (C) and quantification (D) of six groups (including shNC, shSEC23A-1,
ShSEC23A-1 + RAPA [15 uM, 12 h], vetor, 0eSEC23A and 0eSEC23A + CQ [10 uM, 12 h]) in MKN45 and HGC27 cells under indicated TM treatments
for 12 h. E and F Flow cytometry images (E) and quantification (F) of the six groups in MKN45 cells and HGC27 cells under indicated TM treatments
for 12 h. G and H Western blotting against c-PARP to analysis the effects of RAPA (G) and CQ (H) on apoptosis in MKN45 cells and HGC27 cells

with SEC23A knockdown or overexpression under 1.0 ug/ml TM treatments for 12 h. I-L Western blotting against c-caspase3 and BiP to analysis
the effects of RAPA (Iand J) and CQ (K and L) on apoptosis in MKN45 cells and HGC27 cells with SEC23A knockdown or overexpression

under 1.0 pg/ml TM treatments for 12 h
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[6]. Moderate ER stress promotes the malignant bio-
logical behaviors of GC cells, but when the severity of
ER stress and the cell protective mechanisms are out
of balance, apoptosis will occur [5]. It is essential to
investigate the mechanisms by which GC cells resist
apoptosis under conditions of ER stress in order to
prevent tumor progression and enhance therapeutic
efficacy. Autophagy has been reported to be involved
in ER stress adaptation and therapeutic resistance [13,
16]. Our study found that during ER stress, pY705-
STAT3 activated SEC23A transcription and SEC23A
protected GC cells from ER stress-induced apopto-
sis by promoting autophagy. The ER stress-SEC23A-
autophagy negative feedback loop may help gastric
cancer adapt to the unfavorable survival environments
during its development by alleviating ER stress,
which represent a potential target for inhibiting GC
progression.

In this study, we revealed a novel function and
underlying mechanisms of SEC23A in GC. SEC23A
has been reported to be involved in several cancers
[26, 55]. Recent studies demonstrated that SEC23A
was associated with immune infiltration and poor
prognosis in GC [24, 56]. According to our results,
SEC23A was highly expressed in GC tissues and pre-
dicted a poor prognosis in GC patients. ER stress
induced pY705-STAT3 contributed to the upregula-
tion of SEC23A in GC. Whether other factors are
involved in the increased expression of SEC23A in
GC requires further investigation. Highly expressed
SEC23A increased autophagy by promoting the plasma
membrane localization of ANXA2. The SEC23A-
ANXAZ2-autophagy axis, in turn, relieved ER stress and
decreased the sensitivity of GC cells to ER stress. Dis-
ruption of the SEC23A-ANXA2-autophagy axis may
suppress GC progression by decreasing the resistance
to ER stress. Moreover, we revealed a novel mecha-
nism by which SEC23A facilitates autophagy. Previ-
ous studies have demonstrated that SEC23A increases
autophagy by promoting S100A8 autocrine in mela-
noma [26]. We found that SEC23A interacted with
ANXA2 and promoted its translocation to plasma

(See figure on next page.)

Page 16 of 20

membrane. Consistent with previous studies [34, 35],
we verified the membrane-localized ANXA2 resulting
from SEC23A promoted autophagy by increasing the
formation of ATG16L* autophagosomes and decreas-
ing its combination with TFEB. But how SEC23A
regulates the cellular localization of ANXA2 requires
additional investigation.

In addition, we further investigated that SEC23A neg-
atively regulated 5-FU efficacy by autophagy-mediated
ER stress relief. Various tumors acquire therapy resist-
ance as a result of ER stress adaptation [43, 44]. Recent
studies reported that ID1 conferred ovarian cancer cell
chemoresistance through ER stress-mediated induc-
tion of autophagy [57], and RSK2 suppression increased
paclitaxel induced apoptosis by regulating autophagy
[33]. Considering that 5-FU-based regimens are the first
line chemotherapy treatments against GC and 5-FU is
associated with ER stress and autophagy [27, 50], we
explored the influence of SEC23A on 5-FU efficacy in
GC cells. We found that 5-FU triggers ER stress and
promoted SEC23A expression. SEC23A suppression
exacerbated 5-FU induced ER stress and cell death by
regulating autophagy. These results indicated that ER
stress-SEC23A-autophagy axis suppression could pro-
vide an opportunity to enhance chemotherapy effective-
ness in GC patients with chemoresistance. However, the
current research focused solely on the effect of SEC23A
on the 5-FU efficacy. The relationship between SEC23A
and other treatment efficacies for GC requires further
study.

Conclusions

In summary we revealed a negative feedback loop con-
sisting of ER stress, SEC23A and autophagy. ER stress
promotes SEC23A transcriptional upregulation and
the subsequent SEC23A-ANXA2-autophagy signaling
axis, in turn, relieves ER stress and maintains survival
advantage in GC cells during ER stress. Consequently,
based on our findings, SEC23A may represent a prom-
ising molecular target for prognostic prediction and
potential therapeutic intervention in patients with GC.

Fig. 8 SEC23A protected gastric cancer cells against 5-FU induced cell death through enhancing autophagy. A Representative endolpasmic
reticulum images of transmission electron microscopy in indicated MKN45 cells. B Western blotting to detect c-caspase3 (upper) and c-PARP
(lower) expression in indicated GC cells. C Flow cytometry quantification of the indicated groups in MKN45 and HGC27 cells with or without 4 uM
5-FU treatments for 12 h. D CCK8 assays of three groups (including shNC, shSEC23A-1 and shSEC23A-1 + RAPA [15 uM, 12 h]) in MKN45 cells (left)
and HGC27 cells (right) under concentration gradient 5-FU for 12 h. E Colony formation assays quantification of the indicated groups in MKN45
and HGC27 cells with or without 4 uM 5-FU treatments for 12 h. F Western blotting against c-caspase3 and BiP in the indicated groups in MKN45
and HGC27 cells with or without 4 uM 5-FU treatments for 12 h. G Subcutaneous tumor volumes in mice injected with shNC or shSEC23A-1 MKN45
cells under 5-FU treatment. (H) Tumor representative images (left) and quantification of subcutaneous tumor weight (right) from indicated groups.
I-M Subcutaneous tumor section images (I) and quantification from the two groups stained with anti-c-caspase-3 antibody (J), tunel reagents (K),

anti-Ki67 antibody (L), anti-c-PARP antibody (M)
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Web links and URLs

GEPIA2: http://gepia2.cancer-pku.cn/
JASPAR database: https://jaspar.genereg.net/
UCSC genome browser: http://genome.ucsc.edu/

Abbreviation

5-FU 5-Fluorocrail

ANXA2  Annexin A2

BiP Binding-immunoglobulin protein
cQ Chloroquine

ER Endoplasmic reticulum

GC Gastric cancer

HC Immunohistochemistry

RAPA Rapamune

SEC23A  Sec23 homolog A

STAT3 Activator of transcription 3
TCGA The Cancer Genome Atlas
TFEB Transcription factor EB

™ Tunicamycin

UPR Unfolded protein response
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Additional file 1:Table S1. Sequences used for RNAi. Table S2. Prim-
ers used for gRT-PCR. Table S3. Antibodies used for western blot-
ting. Table S4. Reagents used in the experiments.

Additional file 2: Figure S1. Additional results of Figure 2. (A) gRT-PCR
(left) and western blotting (right) analysis of SEC23A expression in HGC27
cells under concentration gradient treatments of DTT for 12 h. (B) gRT-PCR
(left) and western blotting (right) analysis of SEC23A expression in HGC27
cells under concentration gradient treatments of TM for 12 h. (C) gRT-PCR
(upper) and western blotting (lower) analysis of SEC23A expression in
HGC27 cells under concentration gradient treatments of H,0, for 24 h. (D)
QRT-PCR (upper) and western blotting (lower) analysis of SEC23A expres-
sion in HGC27 cells under concentration gradient treatments of 5-FU

for 24 h. (E) Representative images of immunofluorescence co-staining
SEC23A, BiP and cytokeratin in 15 GC paratumor tissues. (F) Fluorescence
intensity quantitative analysis of SEC23A expression in BiP™ and BiP~ areas
of human GC paratumor tissues (n = 15). (G) Correlation between SEC23A
and BiP fluorescent intensity in BiPT areas of 15 paired GC and adjacent
normal tissues. (n= 30). (H) Representative images of SEC23A and BiP
western blotting results in 30 paired GC and adjacent normal tissues. (I)
Quantitative analysis of SEC23A and BiP western blotting results in 30
paired GC and adjacent normal tissues. (J) Correlation between SEC23A
and BiP protein expression in 30 paired GC and adjacent normal tissues. (n
=60). (K and L) Knockdown and overexpression efficiencies were verified
in MKN45 and HGC27 cells by gRT-PCR (K) and western blotting (L) assays.
(M and N) Western blotting assays to analysis the expression of BiP in the
condition of SEC23A knockdown (M) or overexpression (N). Figure S2.
Additional results of Figure. (A-E) Western blotting to analysis SEC23A
expression changes in MKN45 and HGC27 cells under TM treatment (1.0
pg/ml, 12 h) after knockdown ATF4 (A), ATF6 (B), XBP1 (C), CHOP (D) and
CREB3L2 (E) respectively. Figure S3. Additional results of Figure 4. (A) CCK
8 assays in MKN45 cells and HGC27 cells when SEC23A was overexpressed
under concentration gradient TM treatments for 12 h. (B) Quantification of
colony formation assays to determine cell survival in SEC23A overex-
pressed MKN45 and HGC27 cells treated with indicated doses of TM for 12
h. (C and D) Representative images of colony formation assays and flow
cytometry in TM (indicated doses, 12 h) treated MKN45 and HGC27 cells
with SEC23A knockdown, overexpression and corresponding control. (E)
Quantification of flow cytometry to analysis cell apoptosis in SEC23A over-
expressed MKN45 and HGC27 cells treated with indicated doses of TM for
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12 h. (F) Western blotting against c-PARP performed on SEC23A silenced
MKN45 and HGC27 cells under 12 h TM treatment with indicated doses. (G
and H) Western blotting against c-caspase3 (G) and c-PARP (H) performed
on SEC23A overexpressed MKN45 and HGC27 cells under 12 h TM treat-
ment with indicated doses. Figure S4. Additional results of Figure 5. (A)
Representative immunofluorescence images of the mCherry-EGFP-LC3B
transfected MKN45 and HGC27 cells with SEC23A overexpression and
corresponding controls. (B) Quantification of the mCherry-EGFP-LC3B
transfected MKN45 and HGC27 cells with SEC23A overexpression and
corresponding controls. Figure S5. Additional results of Figure 6. (A) Co-IP
assay using anti-SEC23A and anti-ANXA2 antibody to detect the binding
of SEC23A and ANXA2 in HGC27 cells. (B) Western blotting assay to detect
the expression of ANXA2 in MAN45 and HGC27 cells in the condition of
SEC23A knockdown or expression. (C and D) Immunofluorescence images
(€) and quantitation (D) to detect the cell membrane localization of
ANXA2 in shNC and shSEC23A-1 HGC27 cells. (E) Western blotting analysis
to detect the subcellular expression of ANXA2 in shNC and shSEC23A-1
HGC27 cells. (F) IP assay using anti-ANXA2 antibody to detect the content
of TFEB bound to ANXA2 in shNC and shSEC23A-1 HGC27 cells. (G and H)
Immunofluorescence quantitation (G) and images (H) to detect the co-
localization of ANXA2 and ATG16L1 in shNC and shSEC23A-1 HGC27 cells.
(I) CCK8 assays in MKN45 and HGC27 cells with indicated experimental
settings. (J) Western blotting analysis to detect the expression of LC3B-,
LC3B-Il, p62, BiP, c-caspase3 in HGC27 cells with indicated experimental
settings. (K) Western blotting analysis to detect the expression of c-PARP in
MKN45 and HGC27 cells with indicated experimental settings. Figure S6.
Additional results of Figure 8. (A) Representative images of flow cytometry
of the indicated groups. (B) CCK8 assays of three groups (including vetor,
0eSEC23A and 0eSEC23A+CQ [10 uM, 12 h] ) in MKN45 cells and HGC27
cells under concentration gradient 5-FU for 12 h. (C) Flow cytometry
quantification of the indicated groups in MKN45 and HGC27 cells with

or without 4 uM 5-FU treatments for 12 h. (D) Colony formation assays
quantification of the indicated groups in MKN45 and HGC27 cells with

or without 4 uM 5-FU treatments for 12 h. (E) Western blotting against
c-caspase3 and BiP in the indicated groups in MKN45 and HGC27 cells
with or without 4 uM 5-FU treatments for 12 h. (F) Representative images
of Colony formation assays of the indicated groups. (G) Western blotting
against c-PARP in the indicated groups in MKN45 and HGC27 cells with or
without 4 uM 5-FU treatments for 12 h.

Additional file 3. Supplemental Methods.
Additional file 4.
Additional file 5.
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