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Patients with peritoneal metastasis of gastric cancer have
dismal prognosis, mainly because of inefficient systemic deliv-
ery of drugs to peritoneal tumors. We aimed to develop an
intraperitoneal treatment strategy using amido-bridged nu-
cleic acid (AmNA)-modified antisense oligonucleotides
(ASOs) targeting synaptotagmin XIII (SYT13) and to identify
the function of SYT13 in gastric cancer cells. We screened 71
candidate oligonucleotide sequences according to SYT13-
knockdown efficacy, in vitro activity, and off-target effects.
We evaluated the effects of SYT13 knockdown on cellular func-
tions and signaling pathways, as well as the effects of intraper-
itoneal administration to mice of AmNA-modified anti-SYT13
ASOs. We selected the ASOs (designated hSYT13-4378 and
hSYT13-4733) with the highest knockdown efficiencies and
lowest off-target effects and determined their abilities to
inhibit cellular functions associated with the metastatic poten-
tial of gastric cancer cells. We found that SYT13 interfered with
focal adhesion kinase (FAK)-mediated intracellular signals.
Intraperitoneal administration of hSYT13-4378 and hSYT13-
4733 in a mouse xenograft model of metastasis inhibited the
formation of peritoneal nodules and significantly increased
survival. Reversible, dose- and sequence-dependent liver dam-
age was induced by ASO treatment without causing abnormal
morphological and histological changes in the brain. Intra-
abdominal administration of AmNA-modified anti-SYT13
ASOs represents a promising strategy for treating peritoneal
metastasis of gastric cancer.
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INTRODUCTION
Peritoneal metastasis represents a devastating form of gastric cancer
progression despite intensive efforts to improve the efficacy of sys-
temic chemotherapy.1,2 A major impediment to this strategy is
that a small fraction of a drug is delivered to peritoneal tumors.3,4

Thus, direct intraperitoneal chemotherapy represents a reasonable
alternative. For example, the phase III PHOENIX-GC Trial was con-
ducted to prove this concept.5 Although it failed to show statistically
significant superiority of intraperitoneal paclitaxel plus systemic
chemotherapy, the data indicate a possible clinical benefit.5 These
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findings stress the importance of developing more effective drugs
for this purpose.

We recently reported that synaptotagmin XIII (SYT13) contributes to
peritoneal metastasis of gastric cancer.6 Thus, SYT13 is specifically ex-
pressed in primary cancer tissues from such patients, and in a mouse
model of peritoneal metastasis, intraperitoneal administration of an
SYT13-specific small interfering RNA (siRNA) significantly inhibits
the growth of peritoneal nodules and prolongs survival.6 However,
serious problems must be addressed to translate these findings to
the clinic, which include limited efficacy and drug delivery using
transfection techniques.

The use of antisense oligonucleotides (ASOs) that inhibit the expres-
sion of SYT13 may provide an alternative therapeutic approach,
although ASOs are vulnerable to endogenous nucleases, and their de-
livery to target tissues is inefficient.7,8 Two key technologies are avail-
able to address these obstacles. First, compared with their unmodified
precursors, ASOs modified by incorporating amido-bridged nucleic
acids (AmNAs) with phosphorothioate-linked structures bind to
mRNAs with higher affinities,9,10 are more resistant to nucleases,
and are less toxic.11 Second, the Ca2+ enrichment medium (CEM) po-
tentiates the activity of oligonucleotides, independent of net charge
and structural modifications, which contributes to enhanced in vivo
silencing activity compared with conventional transfection
methods.12

We reasoned therefore that intraperitoneal administration of AmNA-
modified anti-SYT13 ASOs transfected using CEM represents a
promising technique for treating peritoneal metastasis of gastric can-
cer. Here, we describe two lines of evidence that identify the function
y: Nucleic Acids Vol. 22 December 2020 ª 2020 The Author(s). 791
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Figure 1. Clinical Relevance of SYT13 Expression and Design of AmNA-Modified Anti-SYT13 ASOs

(A) Immunohistochemical analysis of a pathological T4a tumor. SYT13 expression at the primary cancer component was associated with peritoneal metastasis. (B) Prognosis

and SYT13 expression in TCGA and Kaplan-Meier-plotter cohorts. (C) The predicted loop structure of SYT13mRNA. (D) Structures of AmNA-modified anti-SYT13 ASOs. (E)

Initial screening of ASOs according to knockdown efficacy ofSYT13 expression. (F) Second screening of ASOs according to concentration-dependent knockdown efficacy of

SYT13 expression. Error bars indicate the standard deviation.
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of SYT13 in gastric cancer cells and indicate that AmNA-modified,
SYT13-specific ASOs show promise for treating peritoneal metastasis
of gastric cancer.

RESULTS
Clinical Relevance of SYT13 Expression

Representative sections with positive or negative SYT13 expression
are shown in Figure 1A. Among 40 patients with a pathological
T4a tumor, 26 expressed SYT13 at the primary cancer component.
The incidence of concurrent or metachronous peritoneal metastasis
was significantly higher in the SYT13-positive group compared
with that of the SYT13-negative group (13% and 59%, respectively)
(Figure 1A). In The Cancer Genome Atlas (TCGA) and Kaplan-Me-
ier Plotter cohorts, high tissue expression of SYT13 was significantly
associated with poor prognosis after resection (Figure 1B).

Design and Screening of AmNA-Modified Anti-SYT13 ASOs

Target sites were identified according to the predicted loop structure of
SYT13 mRNA (Figure 1C). AmNA-modified anti-SYT13 ASOs
included flanking regions of artificial nucleotides, and all phosphate
groups were phosphorothioated (Figure 1D). We designed 71 se-
quences (Table S1), and to screen for optimal ASOs, we compared
their abilities to inhibit SYT13 mRNA expression in gastric cancer
cell lines. For this purpose, we treatedKATO-III cells, which expressed
792 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
high levels of SYT13mRNA, with 100 nM of each ASO, and the top 22
ASOs were selected (Figure 1E). Each was used to transfect KATO-III
cells. The highest concentration-dependent knockdown efficacies
were achieved using hSYT13-605, hSYT13-2813, hSYT13-4367,
hSYT13-4378, hSYT13-4380, hSYT13-4729, and hSYT13-4733,
which were selected as candidate ASOs for further testing (Figure 1F).

Comparison of In Vitro Activities of Candidate ASOs

Alterations of functions associated with the metastatic potential of
gastric cancer cells, such as proliferation, migration, invasiveness,
and adhesion, were determined using the candidate ASO transfec-
tants. Significant inhibition of proliferation was observed in cells
transfected with hSYT13-4378, hSYT13-4729, and hSYT13-4733
(Figures 2A and S2A). Migration of KATO-III cells transfected
with hSYT13-605, hSYT13-4378, and hSYT13-4733 was significantly
inhibited (Figures 2B and S2B). Gastric cancer cells transfected with
hSYT13-605, hSYT13-4378, hSYT13-4380, hSYT13-4729, and
hSYT13-4733 were tested for invasion of Matrigel (Figures 2C and
S2B). Adhesion of the ASO transfectants to five extracellular matrix
proteins was significantly decreased by hSYT13-4729 and hSYT13-
4733 (Figures 2D and S2C).

An overview of in vitro assays of seven candidate ASOs and seven
gastric cancer cell lines is presented in Table S2. We selected
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Figure 2. Effects of Candidate ASOs on Cellular Functions Associated with the Metastatic Potential of Gastric Cancer Cells

The proliferation (A), migration (B), invasiveness (C), and adhesion (D) of gastric cancer cell lines were attenuated when transfectedwith AmNA-modified anti-SYT13 ASOs. (E)

Comparison of in vitro inhibitory effects of SYT13-specific siRNA and ASOs on proliferation of gastric cancer cells in the presence of 9mMCaCl2. *p < 0.05. Error bars indicate

the standard deviation.
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hSYT13-4378 (15-mer) and hSYT13-4733 (17-mer) for further ana-
lyses. In contrast, the SYT13-specific siRNA showed little in vitro
inhibitory effect on the proliferation of gastric cancer cells in the pres-
ence of 9 mMCaCl2, in the absence of transfection agents (Figure 2E).
Figures S1 and S2 show consistent results for proliferation, migration,
invasion, and adhesion activities of various gastric cancer cell lines.

Influence of SYT13 Knockdown on Apoptosis, the Cell Cycle,

and Cancer Stemness

To determine if SYT13 knockdown-induced apoptosis associated
with caspase activation, caspase activities were assessed. As shown
in Figure 3A, ASO-mediated knockdown of SYT13, particularly by
hSYT13-4378, increased caspase activities compared with untrans-
fected NUGC4 cells. Further, caspase-3 and -9 activities were prefer-
entially increased by ASO-mediated knockdown of SYT13 expression
(Figure 3A). To determine whether apoptosis induced by SYT13
knockdown involved the mitochondrial apoptotic pathway, mito-
chondrial membrane potential was evaluated. The percentages of cells
with loss of mitochondrial membrane potential (depolarized/live
cells) were increased by ASO-mediated knockdown of SYT13 expres-
sion, particularly by hSYT13-4378 (Figure 3B).

We used propidium iodide staining to determine the effect of SYT13
knockdown on the cell cycle. Significantly fewer NUGC4 cells trans-
fected with hSYT13-4378 were in G1 phase compared with the con-
trols (Figure 3C). The aldehyde dehydrogenase (ALDH) assay was
used to detect the presence of subpopulations with cancer stem
cell-like properties versus control cells. The percentage of NUGC4
cells expressing the stemness marker ALDH was decreased by
ASO-mediated knockdown of SYT13 expression, particularly by
hSYT13-4733, compared with that of the untransfected control and
ASO-NEG (ASO for negative control) cells (Figure 3D). When we
employed a spheroid cell culture assay to assess cancer cell stemness,
we found that hSYT13-4733 significantly inhibited spheroid forma-
tion, indicative of the stemness phenotype (Figure 3E).

Effect of Forced Expression of SYT13 on Cell Proliferation

We overexpressed SYT13 in MKN74 cells, which expressed low levels
of endogenous SYT13mRNA (Figure 3F). Compared with the control
cells transfected with the empty plasmid (pCMV-empty control),
forced expression of SYT13 increased the proliferation in MKN74
cells by 1.5-fold after 4 days (Figure 3F).

Effects of AmNA-Modified Anti-SYT13 ASOs on Cellular

Functions

To further demonstrate the effects of AmNA-modified anti-SYT13
ASOs, MKN1 cells were transfected with different concentrations of
hSYT13-4378 and hSYT13-4733. Each ASO inhibited SYT13
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 793
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Figure 3. Influence of SYT13 Knockdown on Apoptosis, the Cell Cycle, and Cancer Stemness

(A) Caspase activities (total or individual) were increased by SYT13 knockdown in cells transfected with ASOs. (B) SYT13 knockdown-induced changes in transmembrane

mitochondrial potential. The distribution of cells undergoing loss of mitochondrial potential (depolarized/live) was increased by SYT13 knockdown. (C) Cell-cycle analysis.

SYT13 knockdown decreased the proportion of cells in G1. (D) Proportions of untreated ALDH-positive cells (control, left) and after ALDH treatment (test, right). (E)

Comparison of spheroid formation by MKN1 cells. (F) Forced expression of SYT13 was confirmed using qRT-PCR. Increased proliferation compared with empty plasmid-

transfected control cells (MKN74-pCMVentry). *p < 0.05. Error bars indicate the standard deviation.
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expression (Figure 4A), as well as the proliferation (Figure 4B), inva-
siveness (Figure 4C), andmigration (Figure 4D) ofMKN1 cells. These
findings were consistent when the AGS and GCIY cell lines were used
(Figure S3).

Potential Off-Target Effects of AmNA-Modified Anti-SYT13

ASOs

We performed microarray analysis to detect the effects of the ASOs
on candidate off-target genes, which were defined as follows: (1)
R2-fold increase or %0.5-fold decrease compared with mock (un-
treated) cells and (2) no significant change (<0.5-fold or <2-fold) in
ASO-NEG cells compared with the mock transfectants. This analysis
identified 667 and 200 candidate off-target genes (including splice
variants) affected by hSYT13-4378 and hSYT13-4733, respectively.
An in silico analysis using GGGenome indicated that two identical se-
quences and 324 sequences with one mismatch were targeted by
hSYT13-4378, and two identical sequences and five sequences with
one-mismatch were targeted by hSYT13-4733.

When we combined the microarray and bioinformatics data, we
found that hSYT13-4378 lacked an identical match but had two single
mismatches ( Jrk helix-turn-helix protein-like, transcript variant 1
and cell division cycle and apoptosis regulator 1, transcript variant
794 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
4) and 21 sequences with two mismatches. Furthermore, hSYT13-
4733 lacked an identical match or one mismatch and had one
sequence with two mismatches (pyruvate dehydrogenase phospha-
tase regulatory subunit, transcript variant X10) (Table S2). Thus,
off-target effects caused by hSYT13-4378 or hSYT13-4733, particu-
larly the latter, appeared unlikely.

Effects of SYT13 on Signal Transduction Pathways

To identify factors that potentially stimulate SYT13 expression, five
candidate ligands were tested. After 72 h exposure of MKN1 cells
to C-X-C motif chemokine ligand 12 (CXCL12) or heparin-binding
(HB)-epidermal growth factor (EGF) SYT13, expression increased
in a concentration-dependent manner (Figure 5A). To minimize
the influences of off-target effects and transfection, we measured
the activation of signaling proteins expressed by the hSYT13-4378,
hSYT13-4733, and ASO-NEG transfectants. For this purpose, we
used a Proteome Profiler antibody array and a PTMScan Direct
Multi-Pathway Kit (Figure 5B). Knockdown of SYT13 expression
suppressed the phosphorylation of focal adhesion kinase (FAK)-
phosphatidylinositol 3-kinase (PI3K)-AKT, out-altering that of
phosphatase and tensin homolog (PTEN), and increased the phos-
phorylation of glycogen synthase kinase 3b (GSK3B). Moreover,
downstream signaling through components of the FAK-PI3K-AKT
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pathway (c-Jun N-terminal kinase [JNK], mammalian target of rapa-
mycin [mTOR], mitogen-activated protein kinase 1 [MAPK1], and
extracellular signal-regulated kinase 2 [ERK2]) was inactivated by
knockdown of SYT13. In contrast, there was no significant influence
of knockdown of SYT13 on the phosphorylation of the JAK-STAT
pathway and components of the Hippo and nuclear factor kB (NF-
kB) signaling pathways. Knockdown of SYT13 inhibited the phos-
phorylation of the cell-cycle regulator CDK2.

The reproducibility of findings using antibody arrays was assessed us-
ing flow cytometer-based cell analysis and digital imaging of western
blots. In cells transfected with hSYT13-4378 or hSYT13-4733, the
percentage of cells with unphosphorylated AKT was increased
compared with mock transfected or cells transfected with ASO-
NEG (Figure 5C). Digital imaging of western blots detected inhibition
of the phosphorylation of FAK, AKT (Ser473), BIRC5, and CDK2, as
well as activation of GSK3B in cells transfected with hSYT13-4378 or
hSYT13-4733 (Figure 5D). In contrast, alterations in the phosphory-
lation of JAK2 and YAP were not detected (Figure 5D). Our proposed
working model of the mechanism of SYT13 action in gastric cancer
cells is shown in Figure 5E.

Effects of Intraperitoneal Administration of AmNA-Modified

Anti-SYT13 ASOs on Intraperitoneal Metastasis

MKN1 and NUGC4 cells were used for in vivo experiments because
they met the requirements as follows: expressed SYT13, a series of
in vitro data available from ASO-mediated knockdown experiments,
and formed stable xenografts in the abdominal cavity of nude mice.
We used these cell lines to compare the effects of intraperitoneal
administration of hSYT13-4378 (0.2 mg) with that of mock-trans-
fected cells and cells transfected with ASO-NEG or an SYT13-specific
siRNA. The in vivo imaging system (IVIS) images of mice engrafted
withMKN1 cells show the luciferase signal throughout the abdominal
areas in mice treated with vehicle, ASO-NEG, or siRNA groups but
markedly fewer spots in mice treated with hSYT13-4378 (Figure 6A).

Macroscopic observations revealed few peritoneal nodules in the
hSYT13-4378 group, 6 weeks after implantation, whereas the
numbers and sizes of tumor nodules on the omentum and mesenteric
tissues increased in mice treated with vehicle, ASO-NEG, and siRNA
(Figure 6B). Quantitative analysis revealed inhibition of tumor
growth in mice treated with hSYT13-4378 compared with those
treated with vehicle, ASO-NEG, or siRNA (Figure 6B). Consistent re-
sults were observed in mice implanted with NUGC4, subjected to the
treatments described above (Figure S4).

We next evaluated the therapeutic effects on survival of intraperito-
neal administration of hSYT13-4378 and hSYT13-4733. Mice were
intraperitoneally engrafted with NUGC4 cells and were subsequently
abdominally administered vehicle, ASO-NEG, hSYT13-4378, or
hSYT13-4733. Themacroscopic appearances of satellite mice, 8 weeks
after cell implantation, are shown in Figure 6C. Scattered peritoneal
nodules were observed in engrafted mice treated with the hSYT13-
4378 or hSYT13-4733. In contrast, we observed gross peritoneal
metastasis across the peritoneal cavity in mice treated with vehicle
or ASO-NEG (Figure 6C). Mice treated with hSYT13-4378 or
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Figure 5. SYT13 and Associated Signal Transduction Pathways

(A) SYT13 expression levels in MKN1 cells after a 72-h exposure of five candidate ligands. (B) Overview of results acquired using two antibody systems. The fold changes for

transfection of AmNA-modified anti-SYT13 ASOs are indicated by the different shades of blue. (C) Analysis of activation of AKT signaling. (D) Results of the digital western blot

imaging analysis. (E) Potential signaling pathways mediated by SYT13 in metastatic gastric cancer cells.

Molecular Therapy: Nucleic Acids
hSYT13-4733 survived significantly longer compared with those
administered vehicle or ASO-NEG (Figure 6D).

Safety of Intraperitoneal Administration of AmNA-Modified Anti-

SYT13 ASOs

The toxicity of intraperitoneal administration of hSYT13-4378 was
evaluated for 4 weeks. Significant skin signs around injection sites
or adhesions in the peritoneal cavity were not observed. Mice admin-
istered hSYT13-4378 exhibited loss of body weight, reduced activity,
and impaired oral intake. Mice administered hSYT13-4378 lost
weight and produced elevated levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline phosphatase
(ALP) (Figure 7A). Note the remarkable elevation of AST and ALT
levels in mice administered 0.6 mg of hSYT13-4378 (Figure 7A).
The levels of total bilirubin and hypoglycemia were significantly
higher as well (Figures 7A and S5A).

Intraperitoneal administration of hSYT13-4378 did not induce
detectable renal dysfunction (Figure S5A), and the brains did not
show significant changes in appearance, volume, and hematoxylin
and eosin staining (Figures 7B and S5B). Further, liver volumes, but
not appearance of the liver, were increased (Figure 7B). Notably, he-
matoxylin and eosin staining revealed hepatic steatosis induced by
hSYT13-4378 (Figure 7B). Macroscopic characteristics of the perito-
neal cavity are shown in Figure S5C, and quantitative analysis of the
total volume of peritoneal nodules revealed that the inhibitory effect
of hSYT13-4378 increased in a concentration-dependent manner that
796 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
did not increase with dosing intervals (Figure 7C). When we deter-
mined SYT13mRNA expression levels in the peritoneal nodules using
qRT-PCR, we found that the intratumoral levels of SYT13 mRNA
gradually decreased with increasing concentrations of hSYT13-4378
(Figure 7D).

When we measured the levels of AST and ALT to evaluate the toxic-
ities of hSYT13-4378 and hSYT13-4733, we did not detect elevated
levels of either enzyme in mice administered hSYT13-4733, whereas
their levels were transiently increased (2 weeks) in mice administered
hSYT13-4378 (Figure 7E). These findings indicate that hepatotoxici-
ty, induced by AmNA-modified anti-SYT13 ASOs, was reversible and
sequence dependent. Renal dysfunction and metabolic abnormalities
were undetectable in mice administered either ASO (Figure S6).

DISCUSSION
Here, we describe the development of a therapeutic strategy for inhib-
iting peritoneal metastasis of gastric cancer. For this purpose, we de-
signed and synthesized ASOs targeting the mRNA encoding the
transmembrane vesicular trafficking protein SYT13 that mediates
synapsis and vesicle metabolism, which we previously identified as
a driver of peritoneal metastasis of gastric cancer. Among a pool of
71 ASOs, we identified and focused on two with the highest efficacies,
acceptable toxicities, and minimal potential off-target effects. We
show here that these ASOs inhibited cellular functions associated
with metastatic potential of gastric cancer cell lines in a concentra-
tion-dependent manner. Moreover, we employed a mouse tumor
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xenograft model to show that intraperitoneal administration of the
ASOs inhibited the formation of peritoneal nodules and significantly
prolonged survival with acceptable toxicity. Our present findings may
be applicable to the treatment of other tumors with metastatic poten-
tial because SYT13 inhibits multiple intracellular proliferative signals
generated by the activation of FAK.

Peritoneal metastasis is the most life-threating form of gastric cancer,
and no effective systemic therapy is available.13,14 Themain reason for
the unsuccessful outcomes of systemic therapy (intravenous or oral
administration) is insufficient delivery of an antitumor agent to tu-
mors scattered throughout the peritoneum.5 In contrast, intraperito-
neal chemotherapy generally exposes such tumors to high concentra-
tions of drugs, thereby minimizing blood concentrations that induce
toxicity.15 For example, relatively large molecules, such as paclitaxel,
are slowly absorbed from the peritoneum when systemically admin-
istered.16,17 A phase III clinical trial identified certain patients with
marked responses to intraperitoneal paclitaxel who experienced pro-
longed survival compared with patients who were administered sys-
temic chemotherapy alone, although the difference was not statisti-
cally significant.5 We obviously require effective therapeutic agents
that can be directly administered to the peritoneum.

SYT13 binds to cellular membranes in a calcium-independent fashion
to mediate the transport of biomolecules.18–20 Our previous pattern-
specific transcriptome analysis of metastasis found that SYT13 is spe-
cifically expressed in patients with peritoneal metastasis of gastric
cancer.6 Furthermore, our present immunohistochemical (IHC) anal-
ysis of an institutional cohort and expression analysis of two external
cohorts confirm our previous study, and here, we show that tissue
expression of SYT13 was significantly associated with peritoneal
metastasis and poor prognosis of patients in all cohorts.6 These results
establish SYT13 as an attractive target of chemotherapy and that mea-
surement of SYT13 expression shows promise as a supplemental diag-
nostic tool.

Moreover, we recently found that SYT13 mRNA levels in peritoneal
fluid serve as a promising approach to detect floating intraperitoneal
microcells and that patients with negative cytology at gastrectomy
harbor a recurrence of peritoneal metastasis.21 Such measurements
are relatively easy to perform because patients are administered intra-
peritoneal chemotherapy through an intra-abdominal access port,
which allows repeated collection of lavage fluid at an outpatient clinic.
Measurement of SYT13 mRNA levels in peritoneal fluid may there-
fore serve as a new method to monitor peritoneal recurrence or
response to treatment if temporal changes in molecular markers in
lavage fluid are associated with therapeutic effects.

The development of peritoneal metastasis proceeds when gastric can-
cer cells seed the peritoneum, survive in the microenvironment of the
abdominal cavity, adhere to the distant mesothelium, invade the base-
ment membrane, and induce angiogenesis that supports tumor
growth.22 These events are not mutually exclusive and may involve
multiple molecular mechanisms that operate during peritoneal
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 797
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dissemination.4,23 Our present knockdown experiments using ASOs
reveal that SYT13 controls cellular functions during each stage of
seed formation, such as proliferation, invasion, migration, and adhe-
sion of gastric cancer cells. Furthermore, these phenotypic attributes
were enhanced through forced expression of SYT13. Moreover,
knockdown of SYT13 expression suppressed spheroid formation
and stemness that mediate the formation of peritoneal metastasis
through enabling cancer cells to survive in a hypoxic environment
and to acquire resistance to anticancer drugs. We believe that it is
reasonable to conclude that knockdown of SYT13 expression will
serve as an effective therapy for inhibiting the proliferation of meta-
static gastric cancer cells that populate the peritoneum.

To understand the mechanism of action of therapeutics that inhibit
SYT13 expression, we performed a comprehensive analysis of intra-
cellular signaling pathways. Specifically, we show that CXCL12 and
HB-EGF likely stimulated SYT13 on the cell membrane. CXCL12 is
a chemokine that signals through guanine nucleotide-binding pro-
teins to initiate intracellular signaling cascades that promote migra-
tion toward the source of the chemokine. Signaling induced by
CXCL12, when it binds its receptor CXCR4, contributes to the metas-
tasis of solid cancers and cell migration via the mTOR pathway.
CXCL12 is highly expressed by peritoneal mesothelial cells, and
higher levels of CXCL12 are detected in malignant ascites fluid
from patients with peritoneal metastasis of gastric cancer.24,25

Further, the CXCL12/CXCR4 axis mediates cell migration.26 For
example, Izumi et al.25 evaluated the tumor-promoting effects of
CXCL12 derived from cancer-associated fibroblasts and found that
inhibition of CXCL12 production decreases the invasiveness of gastric
798 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
cancer cells via the suppression of integrin b1/FAK signaling. These
results are consistent with our pathway analysis of SYT13 (Figure 5E).
HB-hepatocyte growth factor (HGF), which binds the EGF receptor
(EGFR), is a precursor of a type I transmembrane protein that is ex-
pressed on the cell surface (pro-HB-EGF).27 Yasumoto et al.28 re-
ported that HB-EGF, which is abundant in ascites fluids of patients
with gastric cancer, induces the migration of fibroblasts to contribute
to the formation of a microenvironment that promotes peritoneal
metastasis of gastric cancer. Our data suggest that the malignant ef-
fects of SYT13 signaling are mediated by its interactions with
CXCL12 and HB-HGF.

We identified important downstream signals transmitted by SYT13
that were mainly mediated by FAK. The PI3K-AKT-mTOR pathway
regulates numerous cellular processes. For example, in various can-
cers, the PI3K-AKT-mTOR pathway is activated and frequently up-
regulated because of biallelic loss of PTEN, activating mutations in
AKT1 and PIK3CA/B, and overexpression of certain growth factors.29

Our results indicate potentially complex interactions between SYT13
and the PI3K-AKT-mTOR pathway, which likely contribute to
enhancing the survival of gastric cancer cells.30,31 Moreover, our
pathway analysis indicates that the RAS-MAPK signal was influenced
by SYT13 through regulation of FAK, which affected SYT13-medi-
ated peritoneal metastasis.

The localization of SYT13 in the cell membrane exposes only its first
five N-terminal amino acid residues to the extracellular environ-
ment.18 Therefore, nucleic acid drugs potentially serve as a better
approach to targeted therapy than therapeutic antibodies. The



www.moleculartherapy.org
strengths of our AmNA-ASOs are as follows: (1) oligonucleotide se-
quences with enhanced target specificity, lack of significant homology
with the mouse counterpart of SYT13, and minimal toxicity; (2)
chemical modifications extend the half-life of therapeutic ASOs to
prolong exposure of tumors on the peritoneal wall;8,32 (3) higher
binding affinity to target molecules that enhance drug efficacy;33

and (4) chemical modifications that change the lipophilicity of
ASOs to confer resistance to absorption in the peritoneal cavity.7,34

The two ASOs studied here were carefully selected from 71 sequences
through multistep screening for high knockdown efficacy, effective
in vitro activity, and potentially minimal off-target effects.

The inhibitory effect on peritoneal metastasis by intraperitoneal
administration of hSYT13-4378 was exhibited using two cell lines
with different phenotypes (MKN1, differentiated; NUGC4, poorly
differentiated) of gastric cancer cell lines. The selected ASOs,
hSYT13-4378 and hSYT13-4733, significantly prolonged the survival
of significant numbers of mice (33% and 50%, respectively) and
conferred long-term survival, which may be considered a cure.
Furthermore, the levels of SYT13 mRNA in peritoneal nodules were
decreased in the presence of increasing concentrations of the ASOs,
suggesting their stabilities in intraperitoneal cavity and ascites fluids,
which enhance their incorporation into cancer cells in the
peritoneum.

The most frequent and important adverse effect of ASOs is hepato-
toxicity.35 Furthermore, SYT13 is abundantly expressed in the ner-
vous system.20,36 Therefore, the toxicity of intraperitoneal adminis-
tration of ASOs was evaluated, paying particular attention to their
effects on the liver and brain. Intraperitoneal administration of
hSYT13-4378 did not cause significant skin signs around injection
sites or behavioral abnormalities. Although the inhibitory effect on
the formation of peritoneal metastasis and suppression of SYT13
expression in tumor nodules was concentration dependent, liver
damage was caused by R0.2 mg hSYT13-4378, and hepatic steatosis
occurred at the maximum dose (0.6 mg), which debilitated the mice.
No significant change was observed in appearance, volume, and his-
tology of the brain in mice treated with hSYT13-4378. Interestingly,
liver damage was not apparent when 0.2 mg of hSYT13-4733 was
administered twice each week. Additionally, weekly doses of 0.2 mg
of hSYT13-4378 alleviated liver damage, and the treatment effects
were similar when this ASO was administered once and twice each
week. Moreover, the liver damage caused by the ASOs was reversible.
These are important basic data that will serve to guide future preclin-
ical and clinical studies. With the consideration of its treatment effi-
cacy, off-target data, and toxicity data, hSYT13-4733 represents the
most promising ASO among the 71 initially screened.

ASOs used to treat various disorders are in different phases of clin-
ical trials, and some nucleic acid drugs are approved for treating reti-
nitis, homozygous familial hypercholesterolemia, and Duchenne
muscular dystrophy.8,11,32 However, over the past two decades,
ASO-based cancer therapy has been unsuccessful despite substantial
efforts directed toward developing rational oligonucleotide strategies
to silence gene expression.7,32 Vulnerability to endogenous nucleases,
poor delivery to solid cancer tissues, and insufficient disease speci-
ficity of the target molecules represent serious obstacles to the clin-
ical use of ASOs.

Our present findings may help to overcome these obstacles. For
example, we show here that SYT13 is an attractive target molecule
because it is specifically expressed in metastatic peritoneal gastric can-
cer cells.6 Anti-SYT13 therapy is a new approach because SYT13 signif-
icantly differs from the targets of existing drugs that mainly engage
growth factor receptors or immune checkpoints. The second advantage
is drug delivery. The molecular weight of paclitaxel (854 g/mol) is
seven-fold lower than that of AmNA-modified anti-SYT13 ASOs,
and it therefore slowly translocates into the blood through peritoneal
permeation and subsequently stagnates in the abdominal cavity.16,33

Thus, intraperitoneal administration may take advantage of the
strengths of AmNA-modified anti-SYT13 ASOs.

Nevertheless, there remain serious problems associated with limited
therapeutic efficacy and the requirement for using transfection re-
agents. In the present study, we demonstrate the inhibitory effect of
AmNA-modified anti-SYT13 ASOs on peritoneal metastasis of
gastric cancer in vitro and in vivo using the CEM method (simple
adjustment of the CaCl2 concentration of the ASO solution).12

Further, the CEMmethod potentiates the activity of oligonucleotides,
independent of net charge and modifications, and helps achieve
in vivo silencing activity more consistently than conventional trans-
fection methods.12 These factors represent a significant advantage
for clinical use because conventional in vitro transfection reagents
cannot be universally applied.

In conclusion, the present study demonstrates the involvement of
SYT13 in the cellular functions associated with metastasis. Intra-
abdominal administration of AmNA-modified anti-SYT13 ASOs
represents a promising strategy for treating the peritoneal metastasis
of gastric cancer.

MATERIALS AND METHODS
More details are provided in the Supplemental Materials and
Methods.

Clinical Significance of SYT13 Expression

IHC analysis was performed using a rabbit polyclonal SYT13 anti-
body (OAAB02896; Aviva Systems Biology, San Diego, CA, USA)
to analyze 40 sections from patients with pT4a gastric cancer, as pre-
viously described.37 External validation cohorts were generated using
global cohort data obtained from TCGA Research Network via the
open source cBioPortal (https://www.cbioportal.org/)38 and the Ka-
plan-Meier Plotter (http://kmplot.com/analysis/).39

Design and Synthesis of AmNA-Modified Anti-SYT13 ASOs

The loop structure of SYT13 mRNA, to which ASOs binds with
high affinity, was predicted using RNAfold (http://rna.tbi.univie.ac.
at//cgi-bin/RNAWebSuite/RNAfold.cgi) and mfold (http://unafold.
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rna.albany.edu/?q=mfold).35 We designed 71 sequences of different
lengths, considering sequence identities with Mus musculus SYT13
mRNA and avoiding hepatotoxicity-related sequences. AmNA-
modified ASOs were synthesized and purified by Gene Design, using
an automated DNA synthesizer (Osaka, Japan).

In Vitro Transfection of ASOs and siRNA

Transfection of ASOs or siRNA into gastric cancer cell lines was per-
formed using the CEMmethod. Cells were cultured in a 24-well plate
(5,000 cells per well) and transiently transfected the next day with
AmNA-modified ASOs (6.25–400 nM) or siRNAs specific for
SYT13 (100 nM [A-014082-13 and A-014082-14]) (Accell siRNA;
GE Healthcare Dharmacon, Lafayette, CO, USA) in the presence of
9 mM CaCl2.

Assays of Cell Function

We used a Cell Counting Kit-8 (Dojindo Molecular Technologies,
Kumamoto, Japan) for cell proliferation, a wound-healing assay for
cell migration, BioCoat Matrigel invasion chambers (BD Biosciences,
Bedford, MA, USA) for cell invasiveness, and the CytoSelect 48-Well
Cell Adhesion Assay (Cell Biolabs, San Diego, CA, USA) for cell adhe-
sion to extracellular matrix components. These assays were per-
formed as previously described.2,40 To evaluate total caspase activity,
a Muse MultiCaspase Kit (Merck Millipore, Billerica, MA, USA) was
used. The activities of caspase-3, -8, -9, and -12 were measured using
the Caspase Colorimetric Assay Kit (BioVision, Milpitas, CA, USA).
Mitochondrial membrane potential and cell-cycle distribution were
assessed using a Muse MitoPotential Kit (Merck Millipore) and a
Muse Cell Cycle Kit (Merck Millipore), respectively. ALDH, a surro-
gate marker of stem/progenitor cells, was estimated using the ALDE-
FLOUR fluorescent reagent system (STEMCELL Technologies, Van-
couver, BC, Canada). ALDH-positive cells were determined using a
FACSCalibur system (BD Biosciences, Franklin Lakes, NJ, USA).
The three-dimensional spheroid cultures were analyzed using Prime-
Surface96U multiwell plates (Sumitomo Bakelite, Tokyo, Japan).

SYT13 Expression Vector

SYT13 cDNAs were ligated to the pFN21A HaloTag CMV Flexi Vec-
tor (Promega, Madison, WI, USA). The SYT13 vector (0.2 mg) was
used to transfect MKN74 cells (1 � 105) using the NEON Transfec-
tion System (Thermo Fisher Scientific, Waltham, MA, USA).

Microarray and In Silico Analysis of Candidate Genes for

Potential Off-Target Effects of AmNA-Modified Anti-SYT13

ASOs

Total RNAs extracted from NUGC4 cells transfected with mock,
ASO-NEG, or AmNA-modified anti-SYT13 ASOs (hSYT13-4378
and hSYT13-4733) were subjected to microarray analysis using the
3D-Gene microarray (Toray, Tokyo, Japan). Sequence searches al-
lowing for mismatches, insertions, or deletions were performed using
GGGenome (https://GGGenome.dbcls.jp/). Finally, the results of mi-
croarray and in silico analyses were combined to identify candidate
genes subject to potential off-target effects of AmNA-modified anti-
SYT13 ASOs.
800 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
Intracellular Signaling Mediated by SYT13

Recombinant human amphiregulin (262-AR-100), CXCL12 (350-
NS-010), delta-like canonical notch ligand 1 (1818-DL-050), HB-
EGF-like growth factor (259-HE-050), and jagged canonical notch
ligand 1 (1277-JG-050) were obtained from R&D Systems (Minneap-
olis, MN, USA) as candidate ligands of SYT13.25,28,41,42 Each protein
(0, 1, 10, 100, or 1,000 ng/mL) was added to MKN1 cells (5,000 cells
per well), and the levels of SYT13mRNA were determined after incu-
bation for 72 h.

The Human XL Oncology Array Kit (R&D Systems, Minneapolis,
MN, USA) was used to determine the relative levels of 84 human can-
cer-related proteins expressed by ASO-transfected NUGC4 cells in
the presence and absence of SYT13 expression. Phosphorylation of
1,006 unique sites among 409 proteins in these cells was quantified
using the PTMScan Direct Multi-Pathway Enrichment Kit (Cell
Signaling Technology, Danvers, MA, USA).43 Protein expression
and phosphorylation were assessed using a capillary electrophoresis
method with a Wes automated system (ProteinSimple, San Jose,
CA, USA), according to the manufacturer’s instructions. Antibodies
used for this purpose are listed in Table S3.

Mouse Model of Peritoneal Metastasis

Experiments using animals were performed according to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines
and were approved by the Animal Research Committee of Nagoya
University (approval number 31370).6 First, we evaluated the effects
of intraperitoneal administration of AmNA-modified anti-SYT13
ASOs compared with those of siRNAs. MKN1 or NUGC4 cells
(1 � 106 each), stably expressing luciferase, were implanted into the
abdominal cavities of BALB/cnu/nu mice (males, 8 weeks old). Mice
(n = 4, each condition) were intraperitoneally injected twice after im-
plantation each week for 6 weeks with 500 mL of glucose, 0.2 mg
(approximately 10 mg/kg) of ASO-NEG, and 0.2 mg of hSYT13-
4378 or 0.2 mg of siRNA in the presence of 15 mM CaCl2. We used
an IVIS Lumina (Xenogen, Alameda, CA, USA) to noninvasively
monitor the burden of peritoneal metastasis, as previously described.2

Next, the effects of AmNA-modified anti-SYT13 ASOs on survival
were evaluated after implantation of 2 � 106 NUGC4 cells into the
abdominal cavities of BALB/cnu/nu mice (males, 8 weeks old). Mice
(n = 8, each condition) were intraperitoneally injected twice each
week for 12 weeks postimplantation with 500 mL of glucose, 0.2 mg
(approximately 10 mg/kg) of ASO-NEG, 0.2 mg of hSYT13-4378,
or 0.2 mg of hSYT13-4733 in the presence of 15 mM CaCl2.

Toxicity of Intraperitoneal Administration of AmNA-Modified

Anti-SYT13 ASOs

To assess the effects of ASOs on a mouse model of intraperitoneal
metastasis, 1.5 � 106 NUGC4 cells were implanted into the abdom-
inal cavities of BALB/cnu/numice (males, 8 weeks old). Mice were allo-
cated into the two groups, which were injected once or twice each
week, respectively. Mice (n = 8, each condition) were intraperitoneally
injected with 500 mL of glucose, 0.2 mg (approximately 10 mg/kg) of

http://unafold.rna.albany.edu/?q=mfold
https://gggenome.dbcls.jp/
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ASO-NEG, 0.06 mg (approximately 3 mg/kg) of hSYT13-4378,
0.2 mg (approximately 10 mg/kg) of hSYT13-4378, or 0.6 mg
(approximately 30 mg/kg) of hSYT13-4378 in the presence of
15 mM CaCl2 for 4 weeks after implantation.

We next assessed whether the liver damage caused by intraperitoneal
administration of ASOs was reversible. BALB/cnu/nu mice (males,
8 weeks old; n = 4, each condition) were intraperitoneally injected
twice each week for 2 weeks after administration of 500 mL of glucose
and 0.2 mg (approximately 10 mg/kg) of AmNA-modified anti-
SYT13 ASOs (hSYT13-4378 and hSYT13-4733) in the presence of
15 mM CaCl2. Blood tests were performed 2 weeks after initiation
of treatment and 2 weeks after cessation of treatment.

Statistical Analysis

TheMann-Whitney test was used to compare the differences between
two groups. Kaplan-Meier curves and the log-rank test were used to
analyze survival. JMP 14 software (SAS Institute, Cary, NC, USA) was
used for statistical analyses, and p < 0.05 indicates a statistically sig-
nificant difference.
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