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ABSTRACT

The spread of tumors significantly worsens outcomes for individuals with gastric cancer. RNA-binding proteins
(RBPs) play key roles in cancer spread, although their specific contributions to gastric cancer remain
underexplored. In this work, we identified ESRP1, an epithelial-specific RBP, as a critical modulator of metastatic
behavior in gastric cancer cells. Levels of ESRP1 show an inverse association with both distant and lymph node
metastases in affected patients. Experiments confirmed that ESRP1 suppresses cell migration and invasion in
gastric cancer models both in laboratory settings and animal studies. At the molecular level, ESRP1 facilitates
alternative splicing of exon 11 in CLSTN1 pre-mRNA. The resulting shorter isoform of CLSTN1 strengthens the
interaction between E-cadherin and B-catenin, while enhancing ubiquitination and subsequent degradation of f3-
catenin protein, ultimately restraining migratory and invasive properties of gastric cancer cells. This investigation
underscores ESRP1's suppressive influence on gastric cancer spread and uncovers additional mechanistic insights.
Findings suggest that ESRP1 and CLSTNI could serve as promising targets for interventions against metastatic
gastric cancer.
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Introduction

Gastric cancer ranks among the leading malignant diseases globally, with over one million new cases annually,
accounting for 5.6% of total cancer incidences [1, 2]. Its insidious development and nonspecific early symptoms
often lead to diagnosis at advanced stages, frequently involving locoregional invasion or remote spread [3].
Metastasis represents the primary determinant of poor prognosis in gastric cancer, where five-year survival
reaches up to 70% in early-stage disease but drops below 30% in advanced cases [4]. Therefore, identifying
metastasis-associated factors and elucidating their roles and underlying pathways could advance therapeutic
strategies and improve patient outcomes.

RNA-binding proteins (RBPs) form a highly conserved family equipped with domains for RNA interaction [5, 6].
They constitute approximately 10% of protein-encoding genes [7] and govern processes such as alternative
splicing, mRNA stability, transport, and localization, thereby contributing to genomic variability and integrity [8—
10]. Research indicates that dysregulated RBPs drive oncogenesis and tumor advancement, affecting cell growth,
epithelial-mesenchymal transition (EMT), and other events via control of pre-mRNA splicing [11-13].
Epithelial splicing regulatory protein 1 (ESRP1) functions as an epithelial-restricted RNA-binding protein and
splicing regulator essential for preserving epithelial traits and modulating cancer progression [14, 15]. Existing
evidence reveals inconsistent effects of ESRP1 across malignancies: it acts protectively in some while promoting
disease in others. For instance, higher ESRP1 levels correlate with better prognosis in pancreatic cancer, where
overexpression markedly reduces hepatic spread [16]. In lung adenocarcinoma, ESRP1 curbs invasion and
metastasis through EMT modulation [17]. Conversely, ESRP1 exhibits oncogenic properties in breast cancer,
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associating with reduced survival and enhanced lung metastasis in models [18]. Pro-metastatic actions of ESRP1
have also emerged in ovarian and prostate cancers [19, 20]. In gastric cancer, prior work noted that low ESRP1
expression in 85% of cases links to diffuse-type disease [21], which favors lymph node and peritoneal
dissemination owing to weakened cell adhesions and yields dismal outcomes. Additionally, ESRP1-mediated
isoform shifts in LRRFIP2 may impede gastric cancer metastasis [22].

Here, we investigated ESRP1's contributions to gastric cancer and its regulatory pathways. We observed inverse
correlations between ESRP1 levels and lymph node involvement, distant spread, as well as TNM staging in
patients. Further experiments revealed ESRP1 binding to CLSTN1 mRNA, driving exon 11 splicing. The
truncated CLSTNI variant counteracts EMT in gastric cancer cells, interacts with B-catenin to reinforce
cytoskeletal integrity, and blocks cell motility and invasiveness. These data reinforce ESRP1's link to reduced
metastatic potential in gastric cancer, revealing a new CLSTNI1-dependent pathway for invasion and
dissemination. This positions ESRP1 and CLSTNI1 as viable candidates for targeted therapies in gastric cancer.

Materials and Methods

Cell Lines and clinical specimens

Human gastric cancer cell lines SGC7901, BGC823, AGS, and MKN45 were acquired from the National
Collection of Authenticated Cell Cultures (China). These lines were maintained in RPMI-1640 medium (Gibco)
containing 10% fetal bovine serum (FBS; Gibco). The human embryonic kidney cell line HEK293T, also sourced
from the same collection, was grown in high-glucose Dulbecco’s Modified Eagle’s Medium supplemented with
10% FBS. All cultures were incubated at 37°C in a humidified atmosphere with 5% CO..

Resected gastric cancer tissues from 24 consecutive patients were collected from the Department of
Gastrointestinal Surgery, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology. Informed written consent was obtained from all participants, and the protocol was approved by the
Ethics Committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,
in accordance with the Declaration of Helsinki (approval no. IEC-J-349).

Lentiviral constructs and transfection

Lentiviral vectors for overexpression of ESRPI1, full-length CLSTN1 (CLSTNI1-F), or truncated CLSTN1
(CLSTNI-S), as well as for knockdown of ESRP1 or CLSTNI1-S, were obtained from Genechem (Shanghai).
Stable cell lines with the desired overexpression and/or knockdown were established through lentiviral
transduction followed by puromycin selection, per the manufacturer’s guidelines.

Transwell migration and invasion assays

For migration assays, cells in logarithmic growth phase were collected and resuspended in RPMI-1640 medium
with 2% FBS. A volume of 400 puL containing 1.2 x 10° cells was seeded into the upper chamber of a Transwell
insert (Corning), while 500 pL of medium with 10% FBS was placed in the lower chamber of a 24-well plate.
After 18 hours of incubation, inserts were fixed in 4% paraformaldehyde for 20 minutes, stained with crystal
violet for 30 minutes, rinsed gently, and air-dried. Migrated cells on the underside of the membrane were
enumerated under a microscope.

For invasion assays, the extracellular matrix was mimicked using Matrigel (#354248). Matrigel, thawed overnight
at 4°C, was diluted 1:3 with ice-cold Opti-MEM (Gibco). 165 pL of diluted Matrigel was added to the upper
chamber and polymerized at 37°C for 30 minutes; excess was carefully removed. Log-phase cells were
resuspended at 1.5 x 10° cells per 400 pL in RPMI-1640 with 2% FBS and loaded into the coated upper chamber.
The lower chamber received 500 uL of medium containing 10% FBS. Following 24 hours of incubation at 37°C,
invaded cells on the membrane underside were fixed, stained, and quantified microscopically.

Western blotting and immunoprecipitation

Total cellular protein was isolated using RIPA lysis buffer (#R0278, Sigma) supplemented with protease inhibitor
cocktail (#B14001, Biomake). Protein concentrations were determined with a BCA assay kit (#P0012, Beyotime).
Samples were denatured by boiling in loading buffer (#P0015, Beyotime) for 10 minutes, resolved by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene fluoride
membranes (Millipore). Membranes were blocked in 5% skim milk for 30 minutes at room temperature, then
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probed with primary antibodies overnight at 4°C. After washing, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 hour at room temperature. Signals were visualized using ECL
reagents (#6883, Cell Signaling Technology) on an Invitrogen iBright CL1500 system (Thermo Fisher Scientific).
Primary antibodies included: anti-ESRP1 (21045-1-AP, Proteintech, 1:1000), anti-E-cadherin (#14472, Cell
Signaling Technology, 1:1000), anti-N-cadherin (#13116, Cell Signaling Technology, 1:1000), anti-CLSTN1
(12788-1-AP, Proteintech, 1:1000), anti-GAPDH (#60004—1-Ig, Proteintech, 1:3000), anti-B-catenin (#A 19657,
Abclonal, 1:1000). Secondary antibodies were HRP-conjugated goat anti-rabbit [gG H&L (#511203, ZENBIO,
1:3000) and goat anti-mouse IgG H&L (#511103, ZENBIO, 1:3000).

For immunoprecipitation, cells were lysed and protein quantified. Primary antibody was added to the lysate and
incubated overnight at 4°C with rotation. Protein A/G magnetic beads or anti-Flag magnetic beads were then
added for an additional 4-hour incubation at 4°C. Beads were washed, eluted by boiling in loading buffer, and
analyzed by SDS-PAGE. The anti-f-catenin antibody (#A19657, Abclonal, 1:300) was used for IP, with rabbit
IgG (#A7016, Beyotime) serving as isotype control.

Ni-NTA pulldown assay

B-catenin ubiquitination was assessed via Ni-NTA pulldown. His-tagged ubiquitin and Flag-tagged ESRPI,
CLSTNI1-F, or CLSTNI-S constructs were generated. Relevant plasmids were co-transfected into HEK293T cells.
After 48 hours, cells were treated with 50 pM MG132 for 4 hours, harvested, and washed with PBS. Lysis was
performed in urea buffer (8§ M urea, 0.1 M NaH>PO., 300 mM NaCl, 0.01 M Tris-HCI, pH 8.0), followed by brief
sonication. A portion of lysate was retained as input; the remainder was incubated with Ni-NTA agarose beads
(HY-K0210, MCE) for 2 hours at room temperature with rotation. Beads were washed five times with urea buffer,
eluted by boiling in loading buffer for 10 minutes, and subjected to SDS-PAGE alongside input samples for
detection.

PCR and agarose gel electrophoresis

Total RNA from gastric cancer cells or clinical tissues was isolated using RNAiso Plus (#9109, Takara) and
reverse-transcribed with PrimeScript RT Master Mix (#RR036A, Takara). ESRP1 mRNA levels were quantified
by real-time PCR using TB Green Premix Ex Taq I (#RR820A, Takara) on a StepOnePlus system (Thermo Fisher
Scientific). Relative expression was calculated via the comparative Ct method (2—AACY).

To detect the two CLSTN1 isoforms (CLSTN1-F and CLSTNI1-S), primers flanking exon 11 were designed.
Reverse-transcribed RNA from gastric cancer specimens was amplified using the Takara TP600 PCR system
(Takara). Amplification products were resolved by agarose gel electrophoresis, and bands were visualized with
TS-GelRed nucleic acid gel dye (TSJ003, Tsingke) on an Invitrogen iBright CL1500 imaging system (Thermo
Fisher Scientific). Band intensities were quantified using ImageJ to determine grayscale values, and the splicing
ratio was computed as the proportion of the short isoform relative to the total. Correlations between CLSTNI
splicing ratio and ESRP1 mRNA expression, lymph node metastasis status, or lymph node ratio (LNR; positive
lymph nodes divided by total dissected lymph nodes) were evaluated.

In vivo tail vein injection metastasis assay

Metastatic capacity of gastric cancer cells was assessed in vivo via tail vein injection. Four-week-old BALB/c
nude mice were obtained from HUAFUKANG Bioscience. Animals were randomly allocated to groups (n =5 per
group). SGC7901 (1.0 x 10°%) or MKN45 (1.5 x 10°) cells suspended in 100 puL. phosphate-buffered saline (PBS)
were administered intravenously through the tail vein. After 1.5 months, mice were humanely euthanized, and
lungs were harvested. Lungs were fixed overnight in Bouin’s fixative at 4°C, dehydrated in 70% ethanol, and
embedded in paraffin. Experiments were performed in a double-blinded manner, with injectors and evaluators
unaware of group assignments. All procedures were approved by the Ethics Committee of Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology, and adhered to Institutional Animal Care and
Use Committee guidelines (approval no. 3256).

Histology and immunohistochemistry (IHC)

Paraffin-embedded lungs were sectioned at 5—6 pum thickness. Hematoxylin and eosin (H&E) staining was
performed using standard protocols to verify metastatic lesions and examine microscopic features. For IHC,
sections were deparaffinized in xylene, rehydrated through graded ethanol, and endogenous peroxidase activity
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was quenched. Antigen retrieval was followed by blocking nonspecific sites with 5% bovine serum albumin.
Sections were incubated with anti-E-cadherin antibody (#14472, Cell Signaling Technology, 1:200) for 1 hour at
37°C, then with secondary antibody, and developed using the SABC kit (#SA 1054, Boster Biological Technology)
per the manufacturer’s protocol.

RNA sequencing

Transcriptome analysis was performed on SGC7901 cells stably transduced with vector control or ESRPI
overexpression constructs. RNA was extracted from 1 x 107 cells, and library preparation with subsequent
sequencing was outsourced to BGI.

Cross-linking immunoprecipitation (CLIP) sequencing

CLIP-seq was carried out by Ablife Institute (Wuhan). In brief, ocESRP1 SGC7901 cells were UV-crosslinked at
400 mJ/cm?. Cells were lysed in ice-cold buffer (1x PBS, 0.1% SDS, 0.5% NP-40, 0.5% sodium deoxycholate)
supplemented with 200 U/mL RNase inhibitor (Takara) and protease inhibitor cocktail (Roche), then incubated
on ice for 30 minutes. Following centrifugation, RQ1 DNase (Promega) was added to the supernatant at 1 U/uL
and incubated at 37°C for 30 minutes, after which digestion was halted with stop solution. The lysate was
vigorously mixed, cleared by centrifugation at 13,000 x g for 20 minutes at 4°C, and subjected to limited RNA
fragmentation with MNase (Thermo Fisher Scientific).

For immunoprecipitation, cleared supernatant was incubated overnight at 4°C with 10 pg anti-Flag antibody
(#14793, Cell Signaling Technology) or control IgG (#2729, Cell Signaling Technology). Immune complexes
were captured on protein A/G Dynabeads (Thermo Scientific) for 2 hours at 4°C. Beads were washed twice each
with lysis buffer, high-salt buffer (250 mM Tris pH 7.4, 750 mM NacCl, 10 mM EDTA, 0.1% SDS, 0.5% NP-40,
0.5% deoxycholate), and PNK buffer (50 mM Tris, 20 mM EGTA, 0.5% NP-40). Bound material was eluted in
buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) by heating at 70°C for 20 minutes with vortexing. After
bead removal, Proteinase K (Roche) was added to both input (1%) and eluted samples at 1.2 mg/mL final
concentration and incubated at 55°C for 120 minutes. RNA was purified using RNAiso Plus (#9109, Takara).
Libraries were constructed with the KAPA RNA HyperPrep Kit (#KK8541, KAPA) following the manufacturer’s
instructions and sequenced on an Illumina NovaSeq platform for 150 nt paired-end reads.

RNA immunoprecipitation (RIP)-PCR

RIP was performed with slight adaptations from established protocols [23, 24]. In brief, 3 x 107 oeESRPI
SGC7901 cells were collected and rinsed twice with PBS. Lysis was carried out in polysome lysis buffer
supplemented with protease inhibitor cocktail and RNase inhibitor. After DNase treatment to eliminate genomic
DNA, 10% of the lysate was reserved as input, while the remainder was incubated overnight at 4°C with anti-
ESRP1 antibody on a rotary shaker. Protein A/G magnetic beads were then added, and incubation continued for
2 hours. Beads were washed five times with wash buffer, and bound RNA was isolated using RNAiso Plus (#9109,
Takara), followed by reverse transcription with PrimeScript RT Master Mix (#RR036A, Takara). The specific
CLSTN1 mRNA region interacting with ESRP1 was confirmed by PCR amplification.

Bioinformatic analysis

To identify RNA-binding proteins (RBPs) associated with gastric cancer metastasis, two paired datasets
comprising primary tumors, adjacent non-cancerous tissues, and metastatic lesions (GSE191139 and GSE206329)
were retrieved from the Gene Expression Omnibus (GEO) database. Data normalization and processing were
performed using the “affy” package in R version 4.0.0. Differential expression analysis between primary and
distant metastatic samples was conducted with the “limma” package, and heatmaps were generated using the
“pheatmap” package. Venn diagrams were employed to intersect and visualize RBPs within the differentially
expressed genes (DEGS).

The association between ESRP1 expression and distant metastasis (M stage) in stomach adenocarcinoma patients
from The Cancer Genome Atlas (TCGA) was evaluated via cBioPortal [25], with a Z-score threshold of 1.2. The
impact of ESRP1 levels on progression-free survival in gastric cancer was assessed using Kaplan—Meier Plotter
[26], with differences compared by log-rank test. The prognostic significance of CLSTNI1 exon 11 alternative
splicing in gastric cancer was examined using SpliceSeq data [27] accessed through the OncoSplicing database
[28].
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Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla, CA). Data
are presented as mean + standard deviation (SD). Two-group comparisons of normally distributed data employed
Student’s t-test, whereas non-parametric data were analyzed with the Mann—Whitney test. Differences across
multiple groups were evaluated by one-way ANOVA. Correlations involving ESRP1 expression, CLSTN1
splicing ratios, and metastatic parameters were assessed using Pearson correlation coefficient. Statistical
significance was defined as a two-tailed P < 0.05.

Results and Discussion

ESRPI shows inverse association with metastatic progression in gastric cancer

Analysis of two publicly available cohorts (GSE191139 and GSE206329) involved comparing transcriptional
profiles between metastatic and non-metastatic gastric cancer samples. A heatmap displayed the 80 most
differentially expressed genes (both increased and decreased) (Figure 1a). Subsequent screening based on
magnitude of change and false discovery rate identified key candidates (Figure 1b). Among these, 40 RBPs
exhibited upregulation in metastatic tumors, whereas 11, including ESRP1, demonstrated higher abundance in
non-metastatic cases (Figure 1c¢). Validation using TCGA data via cBioPortal, incorporating expression and
distant metastasis status for stomach adenocarcinoma, revealed markedly reduced ESRP1 in cases with remote
spread (M1, n=7) compared to those without (M0, n=27) (Figure 1d), supporting an anti-metastatic role. Kaplan—
Meier curves from the KM-plotter resource indicated better overall survival for patients with elevated ESRP1
(HR=0.66, 95% CI 0.52-0.84, P<0.001) (Figure 1e). In an independent cohort of 24 resected gastric cancer
specimens, ESRP1 levels were notably higher in lymph node-negative versus node-positive disease (Figure 1f).
Correlation analyses further linked lower ESRP1 to elevated lymph node ratio (LNR), a metric of nodal
involvement (Figure 1g). Collectively, these observations position ESRP1 as a suppressor of metastatic
dissemination in gastric cancer.
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Figure 1. The RNA-binding protein ESRP1 exhibits reduced expression in gastric cancer cases with
metastasis. a) Transcriptional profiles from the two cohorts (GSE191139 and GSE206329) were examined by
categorizing samples into primary tumors (without metastasis) and those with metastatic involvement. A
heatmap illustrates the leading upregulated and downregulated differentially expressed genes (DEGs), with
color intensity reflecting relative expression levels.

b) Volcano plot depicting significantly upregulated and downregulated DEGs, with ESRP1 highlighted.

c) Differentially expressed RNA-binding proteins (RBPs) were pinpointed, and the 11 RBPs showing
elevated expression in non-metastatic gastric cancer cases are enumerated.

d) Comparison of ESRP1 levels in stomach adenocarcinoma cases with distant metastasis (M1, n=7) versus
without (M0, n=27), based on TCGA data retrieved from the cBioPortal platform.
¢) Kaplan—Meier survival curve for gastric cancer cases, stratified by high versus low ESRP1 expression and
assessed via log-rank testing.

f) Quantitative PCR measurement of ESRP1 (relative to GAPDH) in resected tumor samples from 24 gastric
cancer patients; the dot plot compares levels in cases with versus without lymph node involvement (LNM vs.
non-LNM).

g) Dot plot illustrating the inverse correlation between ESRP1 levels and lymph node ratio (LNR),
accompanied by Pearson correlation analysis. LNR is derived as the ratio of involved lymph nodes to total
nodes examined. *P < 0.05.

ESRP1 suppresses metastatic behavior in gastric cancer cells both in vitro and in vivo

To explore ESRP1's impact on gastric cancer dissemination, we generated stable ESRP1-overexpressing lines
using SGC7901 and BGC823 cells, which exhibit baseline low ESRP1. Transwell assays revealed marked
reductions in migratory and invasive abilities upon ESRP1 elevation (Figures 2a and 2b). Key EMT markers
showed upregulation of E-cadherin and downregulation of N-cadherin following ESRP1 overexpression,
indicating potential suppression of the EMT pathway (Figure 2¢). In vivo validation via tail vein injection in mice
demonstrated fewer pulmonary metastatic foci in the ESRPI1-overexpressing cohort compared to controls
(Figures 2d-2f). Immunohistochemical staining of lung sections further confirmed enhanced E-cadherin in
metastatic lesions from the ESRP1-elevated group (Figure 2g).
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Figure 2. Elevation of ESRP1 restrains migratory and invasive properties of gastric cancer cells in laboratory
and animal models.
a) Transwell assays evaluating migration and invasion in control (oeVector) and ESRP1-overexpressing
(0eESRP1) gastric cancer cells. Left panels correspond to SGC7901 cells; right panels to BGC823 cells.
b) Bar graphs quantifying the number of cells that migrated or invaded through the membrane in Transwell
assays. Left: SGC7901 cells; right: BGC823 cells.
¢) Western blot analysis of E-cadherin, N-cadherin, ESRP1, and GAPDH protein levels in control (oeVector)
and ESRP1-overexpressing (0eESRP1) cells. Left: SGC7901 cells; right: BGC823 cells.

d) In vivo assessment of ESRP1 overexpression on gastric cancer metastasis. 1 x 10¢ oeVector or oeESRP1
SGC7901 cells were administered via tail vein injection (n = 5 per group). After 1.5 months, mice were
euthanized, and lungs were harvested and fixed in Bouin’s solution. Representative lung images are
displayed, with red arrows marking metastatic nodules.
¢) Quantification of visible metastatic nodules on the lung surface, comparing oeVector and ocESRP1 groups.
f) Representative hematoxylin and eosin (H&E) stained sections of lungs from mice injected with oeVector
or oeESRP1 SGC7901 cells.

g) Representative immunohistochemical staining for E-cadherin in pulmonary metastatic lesions. Left:
oeVector group; right: 0eESRP1 group.

*P <0.05, **P < 0.01, ***P < 0.001, ****P <(.0001.

Following ESRP1 depletion, AGS and MKN45 cells exhibited enhanced migratory and invasive capabilities in
Transwell assays (Figures 3a and 3b), accompanied by reduced E-cadherin and elevated N-cadherin levels
(Figures 3c), indicative of mesenchymal transition. This was substantiated by a higher number of pulmonary
metastatic foci in mice receiving MKN45 cells with ESRP1 knockdown (Figures 3d-3f) and diminished E-
cadherin expression within those metastases (Figure 3g). Together, these findings establish that ESRP1
suppresses metastatic progression in gastric cancer cells.
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Figure 3. Depletion of ESRP1 enhances migratory and invasive properties of gastric cancer cells in vitro and
in animal models.

a) Transwell assays assessing migration and invasion in AGS cells with control knockdown (shScramble)
versus ESRP1 knockdown (shESRP1#1 and shESRP1#2). Left panels show representative images of
migrated/invaded cells; right panels display corresponding quantification bar graphs.

b) Transwell migration and invasion assays in MKN45 cells with shScramble control versus shESRP1#1 and
shESRP1#2 knockdown. Left panels present representative images; right panels show the associated
statistical bar graphs.
¢, d) Western blot examination of E-cadherin, N-cadherin, ESRP1, and GAPDH protein levels in ESRP1-
depleted AGS cells (C) or MKN45 cells (D).
¢) In vivo evaluation of metastatic capacity using MKN45 cells with shScramble or siEESRP1#1. A total of 1
x 10°¢ cells were introduced via tail vein injection (n = 5 per group). After 1.5 months, mice were euthanized,
and lungs were harvested and fixed in Bouin’s solution. Representative whole-lung images are shown.

f) Representative photographs of excised lungs from mice injected with MKN45 shScramble or shESRP1#1
cells.

g) Bar graph quantifying the number of surface metastatic nodules on lungs.

h) Representative immunohistochemical staining for E-cadherin in pulmonary metastatic lesions. Left:
shScramble group; right: ShESRP1#1 group.

**%*P < 0.0001.

ESRPI modulates cell adhesion and induces extensive alternative splicing events
To elucidate the molecular pathways through which ESRP1 restrains gastric cancer metastasis, we conducted
RNA sequencing on SGC7901 cells overexpressing ESRP1 compared to vector controls (Figure 4a). This
analysis uncovered 3268 differentially expressed genes (DEGs), comprising 1684 upregulated and 1584
downregulated transcripts in ESRP1-overexpressing cells (Figure 4b). Gene Ontology (GO) enrichment of the
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downregulated DEGs revealed prominent associations with cell adhesion processes (Figure 4c¢), whereas
upregulated genes were predominantly linked to the extracellular region.
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Figure 4. ESRP1 triggers widespread alternative splicing alterations in gastric cancer cells.
a) Heatmap illustrating differentially expressed genes (DEGs) between control (oeVector) and ESRP1-
overexpressing (0eESRP1) SGC7901 cells based on RNA sequencing data.

b) Volcano plot highlighting upregulated and downregulated DEGs identified through RNA sequencing.
c¢) Gene Ontology (GO) enrichment analysis performed on downregulated DEGs in 0eESRP1 gastric cancer
cells.

d) Illustrative schematic of common alternative splicing categories. ES: exon skipping; A3SS: alternative 3’
splice site; ASSS: alternative 5' splice site; MXE: mutually exclusive exons; 5SpMXE: MXE combined with
alternative 5’ promoter; 3pMXE: MXE combined with alternative polyadenylation site.

e) Bar graph depicting the distribution and counts of various alternative splicing types.

f) Heatmap displaying the most prominent alternative splicing (AS) events in 0eESRP1 SGC7901 cells.
Events were selected based on splicing counts exceeding 50 and an absolute difference in AS ratio between
groups greater than 0.2. Color scale represents the AS ratio.

g) GO enrichment analysis of genes exhibiting differential alternative splicing in oeESRP1 SGC7901 cells.
h) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of genes with differential
alternative splicing in 0eESRP1 SGC7901 cells.

In mammalian cells, alternative splicing primarily encompasses nine major forms, including exon skipping (ES),
cassette exons, A3SS, ASSS, and MXE, among others (Figure 4d). Detailed examination showed that ESRP1-
driven splicing events predominantly involve ES, ASSS, and A3SS (Figure 4e). To assess ESRP1-induced
splicing changes quantitatively, we determined alternative splicing ratios, and the most significant events are
visualized in a heatmap (Figure 4f). GO analysis of genes affected by differential splicing revealed strong
enrichment in RNA-binding functions (Figure 4g), whereas KEGG analysis pointed to associations with
spliceosome activity (Figure 4h). These findings indicate that ESRP1 influences cell adhesion while triggering
extensive alternative splicing alterations across the transcriptome.

ESRPI binds to CLSTNI Exon 5 and induces skipping of exon 11

Cross-linking immunoprecipitation (CLIP) and its derivatives have proven effective for mapping precise RNA—
protein interactions in cultured cells, tissues, and whole organisms. To pinpoint direct RNA targets of ESRP1, we
conducted CLIP-seq in ESRP1-overexpressing SGC7901 cells (Figure 5a). Binding sites were predominantly
located in introns (36.01%) and coding sequences (CDS; 32.56%) (Figure 5b). A total of 9299 transcripts were
found to interact with ESRP1, among which 2374 displayed alternative splicing events (Figure 5c). The
predominant binding motif recognized by ESRP1 was ‘CUGUUG’ (Figure 5d). Given that RNA-seq identified
marked increases in alternative splicing ratios for SCRIB and CLSTN1 upon ESRP1 overexpression (Figure 4f),
we searched for matching motifs. A corresponding site was detected in exon 5 of CLSTNI1 (Figure 5e). CLSTN1
is a member of the calsyntenin family within the cadherin superfamily. Direct binding of ESRP1 to CLSTN1 exon
5 was validated using RIP-PCR (Figure 5f). Integrated analysis of CLIP-seq and RNA-seq data revealed multiple
ESRP1 binding peaks along CLSTN1 mRNA, with ESRP1 primarily promoting skipping of exon 11 (Figure 5g).
Using primers flanking exon 11, we confirmed that ESRP1 overexpression in gastric cancer cells increased the
shorter isoform (exon 11 skipped, 103 bp) while reducing the longer isoform (exon 11 included, 160 bp) (Figure
5h). This pattern was corroborated in clinical samples: PCR analysis of 24 gastric cancer tissues showed a positive
correlation between CLSTNI1 splicing ratio (CLSTN1-S/CLSTN1-F) and ESRP1 expression (Figures 5i and 5j).
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Moreover, the CLSTNI splicing ratio was significantly lower in patients with lymph node metastasis (LNM) than
in those without (Figure 5k). Survival data from SpliceSeq and OncoSplicing databases indicated that stomach
adenocarcinoma patients with lower percent spliced-in (PSI) values for CLSTN1 exon 11 exhibited improved
overall survival compared to those with higher PSI (Figure 51). Collectively, these data demonstrate that ESRP1
directly binds exon 5 of CLSTNI1 to promote exon 11 skipping, an event associated with reduced lymph node
metastasis risk and better prognosis.
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Figure 5. ESRP1 facilitates skipping of exon 11 in CLSTNI.
a) Schematic overview of the CLIP-seq protocol. In brief, 0eESRP1 SGC7901 gastric cancer cells
were subjected to UV crosslinking at 400 mJ/cm?, followed by cell lysis, immunoprecipitation using
anti-Flag antibody, RNA isolation, library construction, and high-throughput sequencing.
b) Pie chart illustrating the genomic distribution of ESRP1 binding sites.
c¢) Venn diagram depicting the overlap between genes associated with ESRP1 binding peaks (from CLIP-seq)
and genes exhibiting alternative splicing events (from RNA-seq).
d)Consensus binding motif recognized by ESRP1.
e) Schematic representation of the CLSTN1 genomic locus, with potential ESRP1 binding sites highlighted in
red.
f) RIP-PCR validation confirming ESRP1 interaction with the exon 5 region of CLSTN1 mRNA in oeESRP1
SGC7901 cells.
g) Integrated view of RNA-seq read coverage across CLSTN1, with CLIP-seq binding peaks indicated by
green lines.
h) Representative agarose gel images showing PCR products for the full-length (CLSTN1-F, exon 11
included) and spliced (CLSTNI1-S, exon 11 skipped) isoforms in oeVector and oeESRP1 SGC7901 cells.
i) Representative agarose gel images of CLSTN1-F and CLSTN1-S PCR products from clinical gastric cancer
specimens.

j) Scatter plot demonstrating the positive correlation between CLSTN1 splicing ratio (CLSTN1-S/CLSTNI1-
F) and ESRP1 expression levels in 24 gastric cancer samples. Splicing ratio was quantified via densitometry
of gel bands; ESRP1 expression was measured by qPCR.

k) Comparison of CLSTNI splicing ratios between gastric cancer patients with (LNM) and without (non-
LNM) lymph node metastasis.

1) Kaplan—Meier survival curve illustrating the association between CLSTN1 percent spliced-in (PSI) values
and overall survival in TCGA stomach adenocarcinoma patients, based on SpliceSeq data from the
OncoSplicing database.

*P <0.05.

CLSTNI exon 11 splicing underlies esrpl-mediated suppression of gastric cancer metastasis

To investigate CLSTN1's contribution to gastric cancer metastasis, we generated overexpression constructs for
the full-length isoform (CLSTNI1-F) and the truncated isoform (CLSTNI1-S) (Figure 6a). Transwell assays
revealed that CLSTN1-S overexpression markedly impaired cell migration and invasion, whereas CLSTN1-F
overexpression enhanced these properties (Figure 6b). Analysis of EMT markers showed that CLSTN1-S
increased E-cadherin while decreasing N-cadherin protein levels, with CLSTN1-F producing the opposite effects
(Figure 6¢), indicating that the short isoform likely drives ESRP1-dependent metastatic suppression.

To directly test this, we specifically depleted CLSTN1-S (0oeES-shCL-S) in ESRP1-overexpressing cells (Figure
6d). Rescue experiments demonstrated that reducing CLSTN1-S largely abrogated the inhibitory effects of ESRP1
on migration and invasion (Figure 6e). Moreover, oeES-shCL-S cells displayed reduced E-cadherin and elevated
N-cadherin compared to 0eESRP1 alone (Figure 6f), consistent with induction of EMT. In vivo validation
involved tail vein injection of the three cell groups into mice, with lung metastases assessed after one month.
Depletion of CLSTNI1-S substantially reversed the ESRP1-induced decrease in pulmonary metastatic burden
(Figures 6g—6i). Immunohistochemistry confirmed that ESRP1 overexpression upregulated E-cadherin in

e
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metastatic lesions, an effect attenuated by CLSTNI1-S knockdown (Figure 6j). These findings establish that the
CLSTNI short isoform is essential for ESRP1's antimetastatic activity in gastric cancer.
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Figure 6. Skipping of CLSTN1 exon 11 is required for ESRP1-driven suppression of gastric cancer cell
metastasis.

a) Representative agarose gel images showing PCR products for CLSTN1 isoforms in SGC7901 cells with
control vector (oeVector), full-length CLSTN1 overexpression (0eCLSTN1-F), or truncated CLSTN1
overexpression (0ecCLSTN1-S).

b) Transwell assays evaluating migration and invasion in SGC7901 oeVector, 0eCLSTN1-F, and 0eCLSTNI1-
S cells. Left panels display representative images of migrated/invaded cells; right panels show corresponding
quantification bar graphs.

c) Western blot analysis of E-cadherin (Eca), N-cadherin (Nca), CLSTN1, and GAPDH (GA) protein levels
in SGC7901 oeVector, 0eCLSTNI1-F, and 0eCLSTN1-S cells.

d) Representative agarose gel images of PCR products for CLSTN1 isoforms in SGC7901 cells with
oeVector, 0eESRP1, or ocESRP1 combined with CLSTN1-S knockdown (0eES-shCL-S).

e) Transwell migration and invasion assays in SGC7901 oeVector, o0eESRP1, and 0eES-shCL-S cells. Left
panels present representative images; right panels provide the associated statistical bar graphs.

f) Western blot examination of E-cadherin (Eca), N-cadherin (Nca), and GAPDH protein levels in SGC7901
oeVector, 0eESRP1, and 0eES-shCL-S cells.

g) Photographs of lung surfaces from mice (n =5 per group) injected via tail vein with SGC7901 oeVector,
0eESRP1, or 0eES-shCL-S cells. Lungs were fixed in Bouin’s solution; red arrows mark metastatic nodules.
h) Representative hematoxylin and eosin (H&E) stained lung sections from the three groups. Top: oeVector;
middle: 0eESRP1; bottom: oeES-shCL-S.

i) Bar graph quantifying the number of surface metastatic nodules on lungs.

j) Representative immunohistochemical staining for E-cadherin in pulmonary metastatic lesions. Left:
ocVector; middle: o0eESRPI; right: oeES-shCL-S.
ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

CLSTNI influences the stability of the E-cadherin/p-catenin adhesive complex

The binding between E-cadherin and B-catenin is critical for preserving cytoskeletal integrity and limiting cellular
invasion and dissemination. To determine whether CLSTNI1, as a member of the cadherin superfamily,
participates in this interaction, we performed co-immunoprecipitation and detected endogenous association
between CLSTNI1 and B-catenin in gastric cancer cells (Figure 7a). Overexpression experiments revealed
isoform-specific effects: CLSTNI1-F increased B-catenin protein levels and weakened the E-cadherin—B-catenin
interaction, whereas CLSTN1-S reduced B-catenin abundance and strengthened this binding (Figure 7b).
Consistent with this, ESRP1 overexpression enhanced E-cadherin—f-catenin association while decreasing overall
B-catenin protein in SGC7901 cells (Figure 7¢). Immunofluorescence further supported these findings: ESRP1
elevation diminished B-catenin signal intensity but promoted its colocalization with E-cadherin at the plasma
membrane (Figure 7d). Given that B-catenin is primarily degraded via the ubiquitin-proteasome pathway, we
assessed degradation kinetics using cycloheximide (CHX) chase and observed accelerated B-catenin turnover
upon ESRP1 overexpression (Figure 7e). Ubiquitination assays confirmed that both ESRP1 and CLSTN1-S
enhanced B-catenin polyubiquitination, whereas CLSTN1-F suppressed it (Figures 7f and 7g). Collectively, these
data indicate that CLSTNI1-S exerts dual effects: it reinforces the E-cadherin—-catenin adhesive complex to
sustain cytoskeletal stability and cell-cell adhesion, while simultaneously facilitating B-catenin ubiquitination and
proteasomal degradation. These mechanisms likely underlie ESRP1's suppression of gastric cancer metastasis via
alternative splicing of CLSTNI.

190



Fernandez and Moore, The Alternative Splicing of CLSTN1 Driven by ESRP1 Suppresses Gastric Cancer Metastasis

& Ll e
0 s &L
Q)& \@ NN
Q\"\ o & & ooc’ 000 Input  1gG anti-B-catenin
9 9 b —170IB s oeVector + ~- + - + =
-—130 . enin | ko L. . Eca N . -
1B: CLSTN1 . —130 0eESRP1 + + + -
—100 ‘ =100 ; v ' g
EiENg i 1B: B-catenin e "__M'm
—100 L —100
1B: -catenin | 58 - =100 IB: B-catenin| = = - o=
=70 aad A 1B: B-catenin ~70
Input =10 —40
=40 =40 I8: GAPDHI —~ - |
IB: GAPDH | i - o e 45 1B GAPDH -3
a) b) C)
Ecadherin B-catenin  dapi Merge
S oeVector 0eESRP1
§ ; CHX (50uM) Oh 1h 2h 4h 6h  Oh 1h 2h 4h 6h
= —100
3 B-catenin | ek kol - g
g —40
<l,!> GAPDH |--... -.---l %
w
3
h) i)
CLSTN1-F (Flag) - - + -
ESRP1(Flag) - - + CLSTN1-S (Flag) - = = +
Ub(His) - + + Ub(His) - + + +
—170 1me —:;g
Ni-NTA —130 . ; Ni-NTA 21 4
pulidown Mk IB: B-catenin e iR h —100 IB: B-catenin
- -70 -T70
—170
—170 —130
‘ —130 —100
—100 —70
"e -70 -55
- > —40
Input _ig 1B: Ub Input —35 I1B: Ub
—35 —25
—15
—;22 —130
| ! :I—wo IB: Flag

-40 - 40

—35
i) k)
Figure 7. CLSTN1 modulates the E-cadherin—-catenin interaction and complex stability.
a) Co-immunoprecipitation demonstrating interaction between endogenous CLSTN1 and B-catenin in
SGC7901 gastric cancer cells. IB: immunoblotting.

b) Co-immunoprecipitation assessing interactions among B-catenin, E-cadherin, and the CLSTNI1 isoforms in
SGC7901 cells with control vector (oeVector), full-length CLSTN1 overexpression (0eCLSTN1-F), or
truncated CLSTN1 overexpression (0eCLSTN1-S). IP: immunoprecipitation.
¢) Co-immunoprecipitation examining the B-catenin—E-cadherin interaction in oeESRP1 SGC7901 cells.
d) Immunofluorescence analysis of B-catenin and E-cadherin colocalization in SGC7901 oeVector or
ocESRP1 cells. Representative micrographs are presented.

e) Cycloheximide (CHX) chase assay evaluating -catenin protein stability in SGC7901 oeVector or
0eESRP1 cells.

f) Ni-NTA pulldown assay in HEK293T cells transfected with Flag-tagged ESRP1 and/or His-tagged
ubiquitin plasmids.

g) Ni-NTA pulldown assay in HEK293T cells transfected with Flag-tagged CLSTN1-F, Flag-tagged
CLSTNI1-S, and/or His-tagged ubiquitin plasmids.

Gastric cancer remains a leading global malignancy with the fourth highest cancer-related mortality, primarily
attributable to metastatic dissemination [1]. Alternative splicing represents a key mechanism generating protein
isoform diversity and modulating numerous biological processes, including cellular invasion and motility [29—
31]. Here, we established that the RNA-binding protein ESRP1 suppresses epithelial-mesenchymal transition
(EMT) and metastatic spread in gastric cancer by driving skipping of exon 11 in CLSTN1 pre-mRNA. Clinical
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validation further supported the prognostic value of ESRP1 expression and CLSTNI splicing patterns,
highlighting their potential utility for identifying patients at elevated metastatic risk and enabling timely
intervention.

RNA-binding proteins (RBPs) constitute a vital cellular class that, via specialized RNA-interacting domains,
orchestrate diverse post-transcriptional events such as splicing, localization, stability, editing, modification, and
translation [32-34]. ESRP1 is a recognized RBP implicated in tumor metastasis, with prior evidence suggesting
context-dependent roles—often opposing effects in reproductive versus gastrointestinal malignancies. In gastric
cancer, earlier work demonstrated ESRP1-mediated promotion of LRRFIP2 exon 7 inclusion to restrain migration
and invasion [22]. Building on this, our CLIP-seq analyses uncovered an additional pathway whereby ESRP1-
dependent skipping of CLSTN1 exon 11 critically contributes to limiting invasive and metastatic behavior in
gastric cancer.

Calsyntenin-1 (CLSTNI1), a type I transmembrane protein within the cadherin superfamily, functions as a
distinctive calcium-dependent linker between extracellular proteolysis and intracellular signaling [35].
Predominantly expressed in neuronal tissues, its roles in neoplasia have been underexplored [36, 37]. Known
functions encompass cell adhesion and proliferation, and an N-glycosylation site within the alternatively spliced
exon 11 implies functional divergence between full-length (CLSTN1-F) and short (CLSTN1-S) isoforms. We
showed that the exon 11-skipped isoform (CLSTN1-S) potently curbs gastric cancer cell migration and invasion,
and its targeted depletion abrogates ESRP1-conferred antimetastatic effects. This aligns with prior observations
that CLSTN1 isoform switching governs EMT in breast cancer [38].

Metastasis involves a multifaceted cascade intertwined with processes like EMT, extracellular matrix remodeling,
and angiogenesis [39—41]. EMT entails epithelial cells acquiring mesenchymal traits, marked by reduced E-
cadherin and elevated N-cadherin expression [41, 42]. This transition is governed by numerous pathways,
prominently including Wnt/B-catenin signaling [43]. B-catenin serves as a junctional scaffold bridging E-cadherin
to the actin cytoskeleton, thereby reinforcing adherens junctions [44, 45]. Wnt activation stabilizes cytoplasmic
B-catenin, facilitating its nuclear translocation and transcriptional activation of targets such as matrix
metalloproteinase-7 (MMP-7) [46, 47]. Our findings reveal that ESRP1-orchestrated CLSTN1 exon 11 skipping
elevates E-cadherin, thereby countering EMT in gastric cancer cells. Moreover, CLSTN1-S enhances E-cadherin—
B-catenin binding, suggesting reinforced membrane-associated adherens junctions. These dual actions likely
represent central mechanisms through which ESRP1 and CLSTN1-S impede metastatic progression.

Certain limitations warrant acknowledgment. We did not examine impacts of ESRP1 or CLSTN1-S on B-catenin
nuclear shuttling or transcriptional activity, nor did we delineate precise pathways by which CLSTNI-S
upregulates E-cadherin while downregulating N-cadherin—areas requiring future investigation. Nonetheless, this
work furnishes novel mechanistic insights into ESRP1-driven suppression of gastric cancer invasion and
dissemination.

Conclusion

In summary, we substantiated inverse associations between ESRP1 expression, CLSTNI1 splicing ratios, and
metastatic propensity across in vitro, in vivo, and patient-derived analyses. ESRP1 promotes generation of the
short CLSTN1 isoform, which attenuates tumor cell EMT and fortifies the E-cadherin/B-catenin adhesive
complex—a pivotal antimetastatic axis. These discoveries deepen understanding of the ESRPI-CLSTNI1
regulatory network in gastric cancer metastasis and may inform innovative approaches for preventing or treating
disseminated disease.
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