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Background: Disruption of epithelial tight junctions (TJs) promotes loss of polarity and increased invasiveness in gastric cancer.
Claudin-18.2 (CLDN18.2), a stomach-specific TJ protein, is frequently downregulated or mislocalized in tumors. However, its
functional role remains unclear. This study investigated how CLDN18.2 regulates tight junction integrity and interacts with
junction-associated proteins in gastric cancer cells.
Methods: CLDN18.2 expression and subcellular localization in gastric cancer cells (MKN45) and normal gastric epithelial cells
(GES-1) were examined using Western blotting and immunofluorescence. CLDN18.2 was silenced using siRNA in MKN45 and
SNU-16 cells, and epithelial barrier function was evaluated by transepithelial electrical resistance (TEER) and fluorescein isoth-
iocyanate (FITC)-Dextran permeability assays. The effects of CLDN18.2 knockdown on tight junction and adherens junction
proteins were analyzed by Western blotting. Cell migration and invasion were evaluated using Transwell assays and wound-
healing assays in MKN45 cells. Co-immunoprecipitation (Co-IP) was performed to validate CLDN18.2–Zonula occludens-1
(ZO-1) interactions, and rescue experiments with ZO-1 overexpression were performed to determine its ability to restore tight
junction integrity following CLDN18.2 silencing. An orthotopic gastric cancer xenograft model was established in BALB/c nude
mice using stably transfected MKN45 cells.
Results: CLDN18.2 was highly expressed in MKN45 cells and predominantly localized at the plasma membrane, co-localizing
with ZO-1 and occludin. CLDN18.2 knockdown significantly reduced ZO-1, occludin, E-cadherin, and β-catenin expression (p
< 0.001), decreased TEER, and increased FITC-Dextran permeability (p< 0.001), while markedly enhancing cell migration and
invasion (p< 0.01). Pull-down assays confirmed that CLDN18.2 forms a complex with ZO-1 in an expression-dependent manner.
ZO-1 overexpression partially restored tight junction protein levels and barrier function impaired by CLDN18.2 knockdown.
In vivo, silencing of CLDN18.2 significantly increased the number of metastatic nodules in the orthotopic xenograft model (p
< 0.001). In contrast, overexpression of ZO-1 effectively reversed this pro-metastatic effect and restored junctional protein
expression.
Conclusion: CLDN18.2 maintains tight junction integrity in gastric cancer cells through interaction with ZO-1. Its downregu-
lation disrupts cell-cell junctions, weakens epithelial barrier function, and promotes cell migration and invasion, whereas com-
pensatory ZO-1 overexpression can partially reverse these effects. These findings reveal a key regulatory role of CLDN18.2 in
gastric cancer progression, offering mechanistic support for CLDN18.2-targeted therapeutic strategies.
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Introduction

Gastric cancer is among the five most prevalent and
lethal malignancies worldwide, with a particularly high bur-
den in Asian populations [1,2]. Most patients are diagnosed
at advanced stages, and the 5-year survival rate remains ap-
proximately 6% [3,4]. A pivotal driver of gastric carcino-
genesis and progression is the compromise of the epithe-
lial barrier. In particular, dismantling of tight junction (TJ)
complexes is a hallmark event that triggers loss of epithe-
lial polarity, attenuation of intercellular adhesion, and in-

creased motility and invasiveness, processes closely asso-
ciated with epithelial–mesenchymal transition (EMT) [5].
Despite these insights, the precise molecular pathways that
orchestrate TJ disruption in gastric cancer, as well as their
ensuing impact on invasion and metastasis, remain only
partially defined.

The Claudin family comprises transmembrane pro-
teins that are essential for the assembly and maintenance
of tight junctions. Claudin 18.2 (CLDN18.2), a stomach-
specific isoform of Claudin 18, is predominantly localized
at tight junctions within normal gastric epithelium, where it
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preserves epithelial polarity and reinforces barrier integrity
[6,7]. In gastric cancer, CLDN18.2 expression is frequently
reduced or mislocalized, including loss from the plasma
membrane and aberrant accumulation in the cytoplasm or
nucleus [8]. Previous studies reported substantial interpop-
ulation differences in CLDN18.2 expression, with ~17% of
German patients showing high expression in primary tu-
mors [9]. In a Japanese cohort, CLDN18.2 was detected in
87% of primary tumors and 80% of lymph node metastases,
with high expression observed in 52% of primary tumors
and 45% of lymph node metastases [10]. Clinically, low
CLDN18.2 expression is correlated with an increased risk
of peritoneal metastasis, whereas higher expression is asso-
ciated with an elevated risk of bone metastasis [11]. These
findings suggest that CLDN18.2 plays a pivotal role in
maintaining intercellular junctional stability and represents
a promising target for therapeutic intervention. Neverthe-
less, the detailed mechanisms through which CLDN18.2
regulates tight junction integrity and coordinates with other
junctional components remain incompletely characterized.

Within the TJ complex, ZO-1 (Zonula occludens-1)
serves as a scaffold protein, anchoring membrane proteins
such as occludin and Claudins to the actin cytoskeleton and
thereby maintaining structural continuity and functional
stability [12]. Occludin is essential for epithelial barrier
function, and its loss increases paracellular permeability
and promotes cell migration [13]. Moreover, E-cadherin,
a core adherens junction protein, plays a pivotal role in
EMT by facilitating the transition of epithelial tumor cells
toward a mesenchymal phenotype and enhancing their in-
vasive and metastatic potential [14–16]. Building on these
observations, we hypothesize that CLDN18.2 contributes to
the stabilization of tight junctions and the maintenance of
epithelial barrier integrity by forming a complex with ZO-
1, whereas its suppression disrupts junctional architecture
and facilitates tumor cell motility and invasion.

In the present study, we aimed to elucidate the subcel-
lular localization and functional role of CLDN18.2 within
gastric cancer cell tight junctions. We evaluated the con-
sequences of CLDN18.2 downregulation on barrier prop-
erties, junctional protein expression, and invasive behav-
ior, and confirmed its interaction with ZO-1 through co-
immunoprecipitation and rescue assays. Collectively, our
results clarify the mechanistic contribution of CLDN18.2
to gastric cancer progression and provide a rationale for the
development of therapeutic strategies targeting tight junc-
tions.

Materials and Methods

Cell Lines and Culture
Human gastric carcinoma cell lines MKN45 and

SNU16, along with the normal gastric epithelial cell line
GES1, were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Cells were main-

tained in Roswell Park Memorial Institute (RPMI)1640
medium (L211013, Basalmedia Biotechnology, Shang-
hai, China) supplemented with 10% fetal bovine serum
(PSFB5SA, Peak Inc., Los Angeles, CA, USA) and 1%
penicillin-streptomycin (15140122, Thermo Fisher Scien-
tific, Waltham, MA, USA) under standard culture condi-
tions at 37 °C in a humidified incubator with 5% CO2. Sub-
culture was performed when cells reached 70–80% conflu-
ence using 0.25% trypsin-Ethylenediaminetetraacetic Acid
(EDTA) (S310KJ, Beyotime Biotechnology, Shanghai,
China). All cell lines were authenticated by short tan-
dem repeat (STR) profiling and routinely screened for my-
coplasma contamination, with negative results confirmed
prior to experimental use.

Quantitative Real-Time PCR (qPCR)
Total RNA was extracted using TRIzol™ reagent

(15596026, Thermo Fisher Scientific, Waltham, MA,
USA), and cDNA was synthesized with the Golden-
star™ RT6 cDNA Synthesis Kit Ver.2 (TSK302M, Ts-
ingke Biotechnology, Beijing, China). qPCR reactions
were performed using 2× T5 Fast qPCRMix (SYBRGreen
I) (TSE002, Tsingke Biotechnology, Beijing, China) on
a Real-Time PCR Detection System (IQ5, Bio-Rad, Her-
cules, CA, USA). The amplification protocol consisted of
95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s and
60 °C for 30 s. Relative gene expression was calculated us-
ing the 2−∆∆Ct method, with Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) as the internal control.

Primer sequences were as follows:
CLDN18.2-F: 5′-TGTGCGCCACCATGGCCGTG-

3′;
CLDN18.2-R: 5′-GTGCTGAGAGGTCTTAGAGC-

3′;
ZO-1-F: 5′-GTCCAGAATCTCGGAAAAGTGCC-

3′;
ZO-1-R: 5′-CTTTCAGCGCACCATACCAACC-3′;
GAPDH-F: 5′-TCAAGGCTGAGAACGGGAAG-3′;
GAPDH-R: 5′-CTCCTCCTCCTCCTGCTTCT-3′.

Western Blot (WB) Analysis
Total cellular proteins were extracted using Radioim-

munoprecipitation Assay (RIPA) lysis buffer supplemented
with protease inhibitors (R0010, Solarbio, Beijing, China).
Protein concentrations were measured, and 20 µg of each
sample was separated on 10% Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE) gels be-
fore transfer to Polyvinylidene Fluoride (PVDF) mem-
branes (10600023, Amersham, Freiburg, Germany). Mem-
branes were blocked in 5% non-fat milk at room temper-
ature for 1 h and incubated overnight at 4 °C with pri-
mary antibodies. After washing with Tris-Buffered Saline
with Tween-20 (TBST), membranes were incubated with
Horseradish Peroxidase (HRP)-conjugated secondary anti-
bodies for 1 h at room temperature. Protein bands were
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visualized using an Enhanced Chemiluminescence (34580,
Thermo, Waltham, MA, USA) and quantified with ImageJ
software (version 1.48b, NIH, Bethesda, MD, USA).

Primary antibodies included Claudin18.2 (700178,
Invitrogen, Carlsbad, CA, USA; 1:100), ZO1 (617300,
Thermo Fisher Scientific; 1:100), occludin (331500,
Thermo Fisher Scientific; 1:100), Ecadherin (610181, BD
Biosciences, San Jose, CA, USA; 1:200), and GAPDH
(A19056, ABclonal, Wuhan, China; 1:200). HRP-
conjugated goat anti-rabbit or goat anti-mouse secondary
antibodies (PV6001/PV6002, Zhongshan Golden Bridge
Biotechnology, Beijing, China; 1:200) were applied for 30
min at room temperature.

Immunofluorescence (IF) and Co-Localization
Analysis

MKN45 cells were seeded on sterile glass coverslips
in 6-well plates (2 × 105 cells per well) and cultured to
approximately 70% confluence. Cells were fixed with
4% paraformaldehyde (P1110, Solarbio, Beijing, China)
for 15 min at room temperature, rinsed three times with
Phosphate-Buffered Saline (PBS), and permeabilized with
0.1% Triton X-100 (T8200, Solarbio, Beijing, China) for
10 min. After blocking with 5% bovine serum albumin
(A8020, Solarbio, Beijing, China) for 1 h, cells were in-
cubated overnight at 4 °C with primary antibodies against
CLDN18.2 (700178, Invitrogen, Carlsbad, CA, USA;
1:100), ZO1 (617300, Thermo Fisher Scientific; 1:100),
occludin (331500, Thermo Fisher Scientific; 1:100), or E-
cadherin (610181, BD Biosciences, San Jose, CA, USA;
1:200).

Following three PBS washes, cells were incubated
with Alexa Fluor 488- or Alexa Fluor 594-conjugated sec-
ondary antibodies (1:500; Invitrogen, Carlsbad, CA, USA;
A-11008, A-11012) for 1 h at room temperature in the
dark. Nuclei were counterstained with 4′,6-Diamidino-2-
Phenylindole (DAPI) (1 µg/mL; C1002, Beyotime, Shang-
hai, China) for 5 min. Coverslips were mounted and im-
aged using a confocal laser scanning microscope (Leica
TCS SP8, Leica Microsystems, Wetzlar, Germany). Imag-
ing parameters were maintained constant for all samples.

siRNA-Mediated Knockdown of CLDN18.2
A specific small interfering RNA (siRNA) tar-

geting CLDN18.2 was designed using an online
siRNA design tool (http://sidirect2.rnai.jp/design.cgi)
and synthesized by GeneChem (Shanghai, China).
The sequences were: sense (guide) strand, 5′-
ACAAAGACCUGAGACAAUGAA-3′; antisense (pas-
senger) strand, 5′-CAUUGUCUCAGGUCUUUGUGC-
3′. A non-targeting scrambled siRNA (5′-
UUCUCCGAACGUGUCACGUTT-3′) served as the
negative control. Cells were transfected with siRNAs at
a final concentration of 50 nM using Lipofectamine™
RNAiMAX (13778075, Invitrogen, Carlsbad, CA, USA)

following the manufacturer’s instructions. After 48 h of
transfection, cells were collected for downstream analyses.

FITC-Dextran Permeability Assay
MKN45 and SNU-16 cells were seeded onto Tran-

swell inserts (0.4 µm pore size; 3413, Corning, Corn-
ing, NY, USA) and cultured until a continuous monolayer
was established. Serum-free medium containing 1 mg/mL
Fluorescein Isothiocyanate (FITC)-Dextran (FD4, Sigma-
Aldrich, St. Louis, MO, USA) was added to the upper
chamber, and an equal volume of PBS was added to the
lower chamber. After 2 h of incubation, 100 µL of medium
from the lower chamber was transferred to a black 96-well
plate. Fluorescence intensity was measured using a mi-
croplate reader (BioTek Synergy H1, Vermont, USA) with
an excitation wavelength of 485 nm and an emission wave-
length of 528 nm. Permeability was calculated as:

Permeability (%) = Fupper chamber /Flower chamber × 100%.

All experiments were performed independently in
triplicate.

Transepithelial Electrical Resistance (TEER)
Measurement

MKN45 and SNU-16 cells were seeded onto Tran-
swell inserts (0.4 µm pore size; 3413, Corning, Corning,
NY, USA) and cultured until a confluent monolayer was es-
tablished. To evaluate barrier integrity, serum-free medium
containing 1 mg/mL FITC-Dextran (FD4, Sigma-Aldrich,
St. Louis, MO, USA) was added to the apical chamber,
while an equal volume of PBS was added to the basal
compartment. Following a 2-hour incubation, 100 µL of
medium from the lower chamber was collected into a black
96-well plate, and the fluorescence intensity was measured
using a microplate reader (Synergy H1, BioTek, Vermont,
USA) at an excitation wavelength of 485 nm and emission
wavelength of 528 nm. Paracellular permeability was quan-
tified using the following formula:

TEER
(
Ω · cm2

)
= (Rsample − Rblank )× A,

where A represents the membrane surface area (1.12 cm2).
All measurements were performed at 37 °C to ensure assay
consistency and reproducibility.

Migration and Invasion Assays
Cell migratory capacity was evaluated using Tran-

swell chambers with 8 µm pore-size polycarbonate mem-
branes (3422, Corning, NY, USA). Transfected cells were
resuspended in serum-free medium, and 1× 105 cells were
seeded into the upper chamber. The lower chamber was
filled with medium containing 10% fetal bovine serum (PS-
FB5-SA, Peak Inc., USA) as a chemoattractant. Chambers
were incubated at 37 °C with 5% CO2 for 24 h. For inva-
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Fig. 1. Expression and subcellular localization of Claudin 18.2 (CLDN18.2) in gastric cancer and normal gastric epithelial cells.
(A)Western blot analysis of CLDN18.2, ZO-1, E-cadherin, β-catenin, and occludin inMKN45 andGES-1 cells. (B) Immunofluorescence
co-staining of CLDN18.2 (green) and Zonula occludens-1 (ZO-1) (red) inMKN45 andGES-1 cells. Nuclei were counterstainedwith 4′,6-
Diamidino-2-Phenylindole (DAPI) (blue). Scale bar: 50 µm. (C) Immunofluorescence co-staining of CLDN18.2 (green) and occludin
(red) in MKN45 and GES-1 cells. Scale bar: 50 µm. (D) Immunofluorescence co-staining of CLDN18.2 (green) and E-cadherin (red)
in MKN45 and GES-1 cells. Scale bar: 50 µm. ns, not significant; *p < 0.05, **p < 0.01.
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sion assays, the upper chamber membranes were pre-coated
with Matrigel (1 mg/mL; 354234, Corning, NY, USA). Af-
ter incubation, non-migrated or non-invaded cells on the
upper membrane surface were removed. Cells adhering
to the lower membrane were fixed with 4% paraformalde-
hyde (DF0135, Leagene Biotechnology, Beijing, China) for
15 min, stained with 0.1% crystal violet (C0775, Sigma-
Aldrich, St. Louis, MO, USA) for 20 min, and then
rinsed with PBS. Migrated or invaded cells were quantified
by counting five randomly selected microscopic fields per
membrane at 100× magnification.

Co-Immunoprecipitation (Co-IP) Assay
MKN45 cells were lysed on ice using RIPA buffer

supplemented with protease inhibitors (R0010, Solarbio,
Beijing, China). For each Co-IP reaction, 1 mg of total
protein was incubated with 2 µg of anti-CLDN18.2 anti-
body (700178, Invitrogen, Carlsbad, CA, USA) or rabbit
IgG (ab37415, Abcam, Cambridge, UK) as a negative con-
trol at 4 °C overnight under gentle rotation. Protein A/G
magnetic beads (30 µL; 88802, Thermo Fisher Scientific,
USA) were added and incubated for an additional 2 h at 4
°C. Beads were washed three times with lysis buffer to re-
move non-specifically bound proteins. Immunocomplexes
were eluted with SDS sample buffer, separated by SDS-
PAGE, and analyzed via Western blotting to detect ZO1
(617300, Thermo Fisher Scientific; 1:100). Ten percent of
each lysate was reserved as an input control for comparison.

ZO-1 Overexpression (Rescue) Assay
The full-length human ZO-1 (TJP1) coding sequence

(NCBI RefSeq: NM_003257.5, 5438 bp) was cloned
into the pcDNA3.1(+) expression vector to generate the
pcDNA3.1-ZO-1 plasmid (GeneChem, Shanghai, China).
MKN45 cells were co-transfected with siCLDN18.2 and
the ZO-1 overexpression construct using Lipofectamine™
3000 (L3000015, Invitrogen) following the manufacturer’s
instructions (2 µg plasmid per well; 2 × 105 cells per
well in 6-well plates). Cells transfected with the empty
pcDNA3.1(+) vector (2 µg per well; GeneChem, Shanghai,
China) served as the negative control.

Establishment of an Orthotopic Gastric Cancer
Xenograft Model

Four-week-old male BALB/c nude mice (weighing
18–22 g) were obtained from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. All animals were main-
tained under specific pathogen-free (SPF) conditions with
controlled temperature (22 ± 2 °C), relative humidity (50–
60%), and a 12-hour light/dark cycle. Sterilized chow and
water were provided ad libitum, and experiments were ini-
tiated after a 7-day acclimation period.

The human gastric cancer cell line MKN45 (Cell
Bank of the Chinese Academy of Sciences, Short Tandem
Repeat-authenticated) was used to establish stably trans-

fected cell lines with the following treatments: Control,
siNC + OE-NC, siCLDN18.2 + OE-NC, siNC + OE-ZO-
1, and siCLDN18.2 + OE-ZO-1. Stable clones were gen-
erated by lentiviral infection and selected with puromycin
(2 µg/mL, Sigma-Aldrich, P8833) for 7 days. Mice were
anesthetized with continuous inhalation of 2% isoflurane
(RWD Life Science, model R510-22). Under sterile condi-
tions, a midline abdominal incision (~1–1.5 cm) was made
to expose the gastric body, and 50 µL of cell suspension (ap-
proximately 1× 106 cells) was slowly injected into the sub-
serosal layer of the stomach using a 30G needle. Follow-
ing injection, the site was compressed with a sterile cotton
swab for 30 s to prevent leakage, and both the peritoneum
and skin were sutured.

Mice were placed on a 37 °C warming pad for post-
operative recovery and monitored weekly for food intake
and general activity. Euthanasia was performed using a
gradual-fill CO2 method, introducing CO2 at 20–30% of
chamber volume per minute until respiratory arrest, fol-
lowed by cervical dislocation to confirm death before tis-
sue collection. The abdomen was opened immediately to
collect tissue samples and examine pulmonary metastatic
nodules.

All animal procedures adhered to institutional guide-
lines for laboratory animal care. The study protocol was
reviewed and approved by the Animal Ethics Committee of
Xuzhou Hejia Hospital (Approval No. hpfc-1-2022-01).

Statistical Analysis
All statistical analyses were performed using Graph-

Pad Prism 9.0 (GraphPad Software, San Diego, CA, USA).
The normality of datasets was evaluated using the Shapiro–
Wilk test. For comparisons between two groups, normally
distributed variables were analyzed using Student’s t-test,
whereas non-normally distributed variables were evaluated
with the Mann–Whitney U test. For comparisons across
multiple groups, One-Way Analysis of Variance (ANOVA)
or theKruskal–Wallis test was applied, followed by Tukey’s
post hoc test. Paired data were analyzed using either the
paired t-test or the Wilcoxon signed-rank test, as appropri-
ate. Data are expressed as mean± standard deviation (SD),
and statistical significance was defined as p < 0.05.

Results

Expression and Subcellular Localization of
CLDN18.2

Western blot analysis demonstrated that CLDN18.2
expression was markedly elevated in the gastric cancer cell
line MKN45 compared with normal gastric epithelial cells
(GES-1). Correspondingly, E-cadherin protein levels were
significantly reduced in MKN45 cells (p < 0.01), while β-
catenin exhibited a modest increase (p < 0.05). No sig-
nificant differences in ZO-1 or occludin expression were
observed between the two cell lines (p > 0.05) (Fig. 1A).
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Fig. 2. Functional effects of CLDN18.2 knockdown on epithelial barrier integrity and junctional protein expression in MKN45
cells. (A) Fluorescein Isothiocyanate (FITC)-Dextran permeability assay in the MKN45 cell line. (B) Transepithelial electrical resistance
(TEER) measurements in the MKN45 cell line. (C) Quantitative Real-Time Polymerase Chain Reaction (qPCR) analysis confirming
CLDN18.2 knockdown efficiency in the MKN45 cell line. (D) Western blot analysis of CLDN18.2, ZO-1, occludin, E-cadherin, and
β-catenin in the MKN45 cell line. (E) FITC-Dextran permeability assay in the SNU-16 cell line. (F) TEER measurement in the SNU-16
cell line. (G) qPCR analysis confirming CLDN18.2 knockdown efficiency in the SNU-16 cell line. ns, not significant; **p< 0.01, ***p
< 0.001.
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Fig. 3. CLDN18.2 knockdown enhances migratory and invasive behaviors of MKN45 cells. (A) Transwell migration assay. (B)
Transwell invasion assay. Scale bar: 100 µm. ns, not significant; **p < 0.01.

Immunofluorescence co-localization analysis re-
vealed that in both MKN45 and GES-1 cells, CLDN18.2
(green) exhibited spatial overlap with ZO-1, occludin,
and E-cadherin (red) at the cell membrane (Fig. 1B–D).
Collectively, these findings indicate that CLDN18.2 is pri-
marily localized at the plasma membrane in MKN45 cells
and co-localizes with the tight junction components ZO-1
and occludin, suggesting a potential role in regulating or
remodeling intercellular junctional architecture in gastric
cancer.

Effect of CLDN18.2 Knockdown on Tight Junction
Integrity and Epithelial Barrier Function

To further evaluate the contribution of CLDN18.2 to
epithelial barrier integrity, CLDN18.2 expression was si-
lenced in MKN45 and SNU-16 gastric cancer cells. FITC-
Dextran permeability assays revealed a significant increase
in paracellular flux following CLDN18.2 knockdown com-
pared with both the untreated control and siNC groups
(p < 0.001), whereas no differences were observed be-
tween control and siNC cells (p > 0.05) (Fig. 2A). Consis-
tently, transepithelial electrical resistance (TEER)measure-
ments demonstrated a marked reduction in epithelial barrier
strength in siCLDN18.2 cells compared with controls (p <
0.001), with no significant difference between the blank and

siNC groups (p> 0.05) (Fig. 2B). qPCR analysis confirmed
efficient CLDN18.2 depletion, with relative mRNA expres-
sion decreasing from 1.12 ± 0.03 in siNC cells to 0.25 ±
0.03 in siCLDN18.2 cells (p < 0.001) (Fig. 2C).

At the protein level, Western blotting demonstrated a
substantial reduction in CLDN18.2 following knockdown
(p < 0.001), accompanied by pronounced decreases in the
tight junction proteins ZO-1 and occludin (both p < 0.001)
and in the adherens junction proteins E-cadherin and β-
catenin (both p< 0.001). No statistically significant differ-
ences were observed between the blank and siNC groups
(p > 0.05) (Fig. 2D). Parallel validation in SNU-16 cells
yielded consistent outcomes, with silencing of CLDN18.2
significantly increasing paracellular permeability, reduc-
ing TEER (p < 0.001), and markedly lowering CLDN18.2
mRNA levels (p < 0.001) (Fig. 2E–G). Collectively, these
findings indicate that CLDN18.2 depletion disrupts tight
junction architecture, compromises epithelial barrier func-
tion, and facilitates increased paracellular permeability in
gastric cancer cells.

Effect of CLDN18.2 Knockdown on Junctional
Protein Expression and Cell Invasion/Migration

Transwell assays revealed that silencing CLDN18.2
markedly increased both the invasive (p < 0.01) and mi-
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Fig. 4. Wound healing assay demonstrates enhanced migratory capacity following CLDN18.2 knockdown. (A) Quantification of
wound closure rate. (B) Representative images of scratch wounds at 0 h and 24 h. Scale bar: 200 µm. ns, not significant; *p< 0.05, **p
< 0.01.

gratory (p < 0.01) capabilities of MKN45 cells, whereas
no significant differences were observed between the blank
and siNC control groups (p > 0.05) (Fig. 3A,B). Consis-
tently, wound healing assays demonstrated that CLDN18.2
knockdown significantly accelerated cell migration, re-
flected by a higher wound closure rate compared with siNC
cells (p < 0.01) (Fig. 4A,B). Together, these findings indi-
cate that downregulation of CLDN18.2 reduces the expres-
sion of key junctional proteins, including ZO-1, occludin,
E-cadherin, and β-catenin, thereby weakening intercellular
junction integrity and substantially enhancing themigratory
and invasive behavior of gastric cancer cells.

Molecular Interaction Between CLDN18.2 and ZO-1
Pull-down assays using an anti-CLDN18.2 an-

tibody demonstrated that CLDN18.2 specifically co-
immunoprecipitated ZO-1 in MKN45 cells, whereas
only a minimal background band was observed in the
IgG negative control, confirming the specificity of the
CLDN18.2–ZO-1 interaction (Fig. 5A). The input samples
(10%) showed clear ZO-1 bands. Notably, following
siCLDN18.2 treatment, the co-precipitation of ZO-1 was
markedly reduced. These findings indicate that CLDN18.2
interacts with ZO-1 within a protein complex, and this
interaction is dependent on the expression levels of
CLDN18.2.

Rescue Experiment: ZO-1 Overexpression Restores
Tight Junction Integrity Following CLDN18.2
Silencing

In MKN45 cells, qPCR analysis confirmed the effi-
ciency of CLDN18.2 knockdown and ZO-1 overexpression
at the mRNA level (p < 0.001) (Fig. 5B). CLDN18.2 si-
lencing significantly decreased protein levels of ZO-1, oc-

cludin, E-cadherin, and β-catenin (p < 0.01). Upon ZO-
1 overexpression (siCLDN18.2 + OE-ZO-1 group), ZO-1
protein expression increased from 0.6± 0.06 to 1.85± 0.10
(p < 0.001), occludin from 0.53 ± 0.04 to 1.39 ± 0.06 (p
< 0.001), E-cadherin from 0.59± 0.11 to 1.52± 0.21 (p<
0.001), and β-catenin from 0.39 ± 0.04 to 0.97 ± 0.07 (p
< 0.001), whereas CLDN18.2 levels remained unchanged
(p > 0.05) (Fig. 5C).

FITC-Dextran permeability assays demonstrated that
CLDN18.2 knockdown significantly increased paracellu-
lar permeability (p < 0.001). ZO-1 overexpression par-
tially reduced permeability to 19.83%± 1.23% (p< 0.001),
indicating partial restoration of epithelial barrier function
(Fig. 5D). Similarly, TEER measurements revealed that
CLDN18.2 silencing reduced resistance from 385.3± 17.8
Ω·cm2 to 148.7± 9.1Ω·cm2 (p< 0.001), while ZO-1 over-
expression restored TEER to 252.0 ± 14.0 Ω·cm2 (p <

0.001), demonstrating partial recovery of tight junction in-
tegrity (Fig. 5E). These findings collectively indicate that
ZO-1 overexpression can partially rescue the downregula-
tion of tight junction proteins and the barrier dysfunction
induced by CLDN18.2 depletion.

In Vivo Validation of the CLDN18.2–ZO-1
Regulatory Axis in Gastric Cancer Metastasis

To further validate the in vitro findings, an orthotopic
xenograft mousemodel was established usingMKN45 cells
with stable knockdown of CLDN18.2 and/or overexpres-
sion of ZO-1. The number of metastatic nodules was
markedly increased in the siCLDN18.2 + OE-NC group
compared with the control and siNC + OE-NC groups (p
< 0.001). In contrast, ZO-1 overexpression (siCLDN18.2
+ OE-ZO-1) partially reversed this pro-metastatic effect,
resulting in a significant reduction in metastatic nodules
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Fig. 5. CLDN18.2 interacts with ZO-1, and ZO-1 overexpression partially restores tight junction protein expression and barrier
integrity. (A) Co-immunoprecipitation showing reduced ZO-1 co-precipitation upon CLDN18.2 knockdown. Input represents 10% of
the total lysate; IgG serves as a negative control. (B) qPCR analysis of CLDN18.2 and ZO-1 mRNA expression. (C) Western blot
analysis of junctional protein expression. (D) FITC-Dextran permeability assay. (E) TEER measurement. ns, not significant; *p< 0.05,
**p < 0.01, ***p < 0.001.

(p < 0.001). Overexpression of ZO-1 alone (siNC + OE-
ZO-1) did not promote metastasis and showed a compara-
ble or slightly lower metastatic burden relative to controls
(Fig. 6A).

qPCR analysis confirmed that CLDN18.2 expression
was markedly reduced in the siCLDN18.2 + OE-NC group
and remained low in the siCLDN18.2 + OE-ZO-1 group (p
< 0.001). Overexpression of ZO-1markedly increased ZO-
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Fig. 6. In vivo validation of the CLDN18.2–ZO-1 axis in gastric cancer metastasis. (A) Quantification of metastatic nodules across
experimental groups. (B) qPCR analysis of CLDN18.2 and ZO-1 mRNA expression. (C) Western blot analysis of CLDN18.2, ZO-1,
occludin, E-cadherin, and β-catenin in xenograft tumor tissues. ns, not significant; *p < 0.05, ***p < 0.001.
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1 mRNA in the siNC + OE-ZO-1 group (p < 0.001). ZO-1
expression in the siCLDN18.2 + OE-ZO-1 group returned
to a level comparable to the control group and was signifi-
cantly higher than that in the siCLDN18.2 + OE-NC group
(p < 0.001) (Fig. 6B).

Western blot analysis of tumor tissues revealed that
CLDN18.2 knockdown resulted in a pronounced downreg-
ulation of ZO-1, occludin, E-cadherin, and β-catenin (all
p < 0.001), consistent with the disruption of tight and ad-
herens junctions. Overexpression of ZO-1 significantly
restored the expression of these junctional proteins (p <

0.001), whereas CLDN18.2 protein remained unchanged,
confirming that ZO-1 acts downstream of CLDN18.2 to
maintain epithelial integrity and suppress tumor progres-
sion (Fig. 6C).

Discussion

CLDN18.2 is a TJ protein specifically expressed in
gastric mucosal epithelium and has gained attention as a
potential therapeutic target in gastric cancer [8]. In this
study, we systematically investigated its role in maintain-
ing TJ integrity and suppressing the migratory and inva-
sive behavior of gastric cancer cells. We observed that
CLDN18.2 localized to the plasma membrane of MKN45
cells and co-localized with the TJ scaffold protein ZO-1.
Silencing CLDN18.2 resulted in significant downregula-
tion of ZO-1, occludin, E-cadherin, and β-catenin, along
with increased FITC-Dextran permeability and decreased
TEER, ultimately enhancing cell migration and invasion.
Although ZO-1 overexpression partially reversed the down-
regulation of TJ proteins and improved barrier dysfunction,
it did not restore CLDN18.2 expression. These findings
support CLDN18.2 as a key regulator of epithelial barrier
integrity and a suppressor of cancer cell motility, highlight-
ing the functional significance of the CLDN18.2–ZO-1 reg-
ulatory axis in gastric cancer progression.

CLDN18.2 is essential for preserving epithelial
barrier integrity in gastric cancer cells. Silencing
CLDN18.2 significantly increased paracellular permeabil-
ity, as demonstrated by FITC-Dextran assays, andmarkedly
reduced TEER, indicating compromised intercellular junc-
tion strength. Tight junction proteins, including the Claudin
family, occludin, and ZO-1, are essential components of ep-
ithelial barrier function, and their loss is frequently asso-
ciated with barrier disruption and elevated epithelial per-
meability [17]. Cao et al. [6] reported that CLDN18.2
in normal gastric epithelium prevents H+ leakage, thereby
maintaining mucosal homeostasis. Our findings extend this
principle to gastric cancer cells, demonstrating that reduced
CLDN18.2 expression compromises both molecular selec-
tivity and ion-barrier properties of the epithelial layer.

We further observed that CLDN18.2 knockdown in-
duced a simultaneous reduction in multiple junctional pro-
teins, which corresponded with significantly enhanced mi-

gration and invasion. Notably, the TJ proteins ZO-1 and
occludin, as well as the adherens junction components E-
cadherin and β-catenin, were markedly reduced. Consis-
tently, transwell and wound healing assays demonstrated
increasedmotility and invasiveness ofMKN45 cells. These
observations align with features of EMT during tumori-
genesis. Loss of E-cadherin is a well-established mecha-
nism that reduces cell-cell adhesion, promoting detachment
and acquisition of migratory and invasive capacities [18].
Moreover, loss of tight junction proteins is commonly ob-
served in high-grade malignancies. In poorly differentiated
gastric cancers, both occludin and ZO-1 are markedly re-
duced and correlate with increased invasive potential [19].
Consistent with these reports, our findings indicate that
CLDN18.2 downregulation destabilizes tight and adherens
junctions, reduces E-cadherin/β-catenin expression, com-
promises intercellular adhesion, and consequently enhances
the migration and invasion of gastric cancer cells.

Clinical studies support a strong association between
reduced CLDN18.2 expression and tumor metastasis. Kim
et al. [11] observed significantly lower levels of CLDN18.2
and E-cadherin in peritoneal metastases compared with
non-metastatic tissues, with a positive correlation between
these two markers. Similarly, analyses of resected gastric
cancer cohorts have demonstrated that CLDN18.2-positive
tumors tend to exhibit shallower invasion and lower rates of
lymphovascular infiltration [20]. Collectively, these find-
ings indicate that CLDN18.2 may function as a metasta-
sis suppressor in gastric cancer, and that its downregulation
could facilitate the acquisition of invasive phenotypes.

We observed through co-immunoprecipitation that
CLDN18.2 forms a complex with ZO-1, and this interaction
was markedly attenuated following CLDN18.2 downregu-
lation. The C-terminal tail of Claudin family proteins con-
tains a Postsynaptic Density protein 95/Discs Large/Zona
Occludens-1 (PDZ)-binding motif capable of interacting
with the PDZ domains of TJ scaffold proteins such as ZO-1,
thereby linking membrane-localized Claudins and occludin
to the actin cytoskeleton [21]. Our findings provide the
first direct evidence that CLDN18.2 specifically binds ZO-
1, suggesting that CLDN18.2 contributes to the assembly
or stabilization of tight junction complexes in gastric can-
cer cells. Previous animal studies have further shown that
knockout of Claudin-18 family members disrupts epithelial
barrier function and promotes gastric tumorigenesis [22],
highlighting the essential role of Claudin–ZO-1 structures
in maintaining epithelial homeostasis [23].

Further, ZO-1 overexpression experiments confirmed
the pivotal role of ZO-1 in CLDN18.2-mediated tight junc-
tion regulation. Restoration of ZO-1 expression partially
reversed the reductions in occludin and E-cadherin in-
duced by CLDN18.2 loss, decreased paracellular perme-
ability, and elevated TEER, indicating partial recovery of
barrier function. These findings are consistent with previ-
ous reports, which show that ZO-1, as a central scaffold
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protein, stabilizes tight junction architecture and restricts
paracellular permeability [24]. Collectively, these find-
ings demonstrate that ZO-1 overexpression can compen-
sate for the loss of junctional proteins and barrier integrity
caused by CLDN18.2 deficiency, supporting the principle
that CLDN18.2 function depends on ZO-1-mediated struc-
tural stabilization.

This study highlights CLDN18.2 as a pivotal determi-
nant of epithelial integrity andmetastatic potential in gastric
cancer through its regulation of ZO-1 and tight junction sta-
bility. The finding that ZO-1 overexpression can partially
rescue CLDN18.2 loss-induced barrier disruption under-
scores a potentially targetable CLDN18.2–ZO-1 regulatory
axis. Given the emerging success of CLDN18.2-targeted
therapies, including zolbetuximab and bispecific antibod-
ies, our findings provide mechanistic evidence support-
ing their clinical rationale, not only by identifying tumor-
specific epitopes but also by linking CLDN18.2 deficiency
to enhanced invasiveness. These insights suggest that
restoring tight junction integrity or enhancing ZO-1 func-
tion could represent promising adjunct therapeutic strate-
gies for CLDN18.2-low or treatment-resistant tumors.

However, several limitations should be acknowl-
edged. This study was conducted primarily using a single
gastric cancer cell line and an orthotopic xenograft model,
which may not fully reflect the heterogeneity of human gas-
tric cancer. Moreover, the precise upstream regulators and
downstream signaling cascades linking CLDN18.2–ZO-1
interactions to EMT remain to be elucidated. Future in-
vestigations integrating multi-omics profiling and patient-
derived organoid models are warranted to validate these
findings and explore combinatorial therapeutic strategies
that target both junctional integrity and immune responsive-
ness.

Conclusion

In summary, CLDN18.2 preserves epithelial barrier
function and suppresses gastric cancer progression by sta-
bilizing ZO-1-mediated tight junctions. Loss of CLDN18.2
compromises junctional integrity, enhances invasiveness,
and promotes metastasis, whereas compensatory restora-
tion of ZO-1 mitigates these effects. These findings not
only deepen the mechanistic understanding of CLDN18.2
in tumor biology but also provide a translational framework
for optimizing CLDN18.2-targeted therapies and develop-
ing novel strategies to enhance epithelial cohesion in ag-
gressive gastric cancers.
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