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Abstract

Background: Claudins (CLDNs), key components of tight junctions, are dysregulated in various cancers. However, the roles and
therapeutic potential of specific CLDN family members-particularly CLDN6, CLDN9, and CLDN10-in ovarian cancer (OC) remain
incompletely defined. To address this gap, we conducted a comprehensive analysis of the CLDN family to identify novel diagnos-
tic and prognostic biomarkers as well as potential therapeutic targets for OC. Methods: Gene expression profiles and corresponding
clinical data from The Cancer Genome Atlas ovarian cancer cohort (TCGA-OV) and two Gene Expression Omnibus (GEO) datasets
(GSE18520, GSE26712) were analyzed. Differential expression of CLDN genes between OC and normal tissues was evaluated using
R with appropriate bioinformatics packages (e.g., limma). Logistic regression models were employed to calculate odds ratios (ORs),
and receiver operating characteristic (ROC) curves were generated across all datasets to identify consistently dysregulated CLDNs asso-
ciated with OC. Prognostic hazard ratios (HRs) for these CLDNs were extracted from the Kaplan-Meier Plotter (KM Plotter) database
and synthesized using a random-effects model to assess their associations with overall survival. Intersection analysis was performed to
identify CLDNs exhibiting both significant differential expression and prognostic significance. Candidate targets underwent comprehen-
sive validation, including single-cell RNA sequencing (scRNA-seq) to characterize cell-type-specific expression patterns. Notably, Key
findings regarding CLDN6 were further validated by immunohistochemistry (IHC) on an independent tissue microarray (TMA), as well
as functional assays in OC cell lines following siRNA-mediated knockdown. These included transwell invasion, wound healing (scratch)
test, and measurements of mitochondrial depolarization, reactive oxygen species (ROS) accumulation, cell cycle arrest, and apoptosis.
Results: CLDN6, CLDN9, and CLDN10 were consistently and significantly upregulated in OC compared to normal tissues across all
datasets. Single-cell RNA sequencing revealed that CLDN6 and CLDN10 were predominantly expressed in malignant epithelial cell
subsets, a pattern associated with aggressive tumor phenotypes. Meta-analysis of HRs showed that HR >1 in CLDN6 and HR <1 in
CLDN10. Although CLDN10 is highly expressed in tumor cells, its hazard ratio (HR) is less than 1, and the underlying mechanism of
this gene remains unclear. Experiments have confirmed that CLDN6 is closely associated with tumor invasion. Computational anal-
ysis, meta-analysis, and single-cell data collectively confirm that only CLDN6 is a clearly defined gene closely associated with tumor
progression, a finding subsequently validated by experimental results. Notably, the combined signature comprising CLDN6, CLDN9,
and CLDN10 exhibited superior diagnostic performance, with higher area under the curve (AUC) values in ROC analysis, compared to
individual CLDNs or established OC biomarkers such as carbohydrate antigen 125 (CA125), human epididymis 4 (HE4), carcinoem-
bryonic antigen (CEA), and alpha-fetoprotein (AFP). The signature also showed enhanced prognostic discrimination, as indicated by
time-dependent ROC analysis. Protein overexpression of these targets was validated by IHC and Western blot. Functional assays further
demonstrated that siRNA-mediated knockdown of CLDN6 significantly inhibited the proliferation of OC cells, promoted cell apoptosis,
increased production of ROS, induced G1 phase arrest, inhibited cell invasion and migration in vitro. Furthermore, western blot analysis
identified that knockdown of CLDN6 repressed the Wnt/β-catenin pathway. Nude mice experiments indicated that CLDN6 knockdown
in OC cells dramatically suppresses the tumor growth and lung metastasis in vivo. Conclusions: CLDN6, CLDN9, and CLDN10 are
critically involved in the pathogenesis and progression of OC. A biomarker panel combining these three claudins demonstrates superior
diagnostic and prognostic performance compared to individual markers and established clinical biomarkers such as CA125 and HE4.
Notably, functional evidence indicates that CLDN6 plays a pivotal role in regulating malignant phenotypes, highlighting its potential as a
novel therapeutic target. These findings collectively support the clinical utility of the CLDN6/9/10 axis as both a non-invasive biomarker
signature and a promising avenue for targeted intervention in ovarian cancer.
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1. Background
Cancer remains a major global public health chal-

lenge. Ovarian cancer (OC) is the fifth leading cause of
cancer-related death among women, underscoring the ur-
gent need for improved clinical management [1]. While tar-
geted therapies—such as PARP inhibitors—have emerged
as promising treatment strategies, their efficacy is often
limited by significant intratumoral and intertumoral hetero-
geneity. Consequently, there is a pressing need to discover
robust biomarkers for early detection and prognosis, and to
develop precision medicine approaches that can overcome
therapeutic resistance in ovarian cancer [2,3].

Claudins, key transmembrane components of tight
junctions (TJs), are highly expressed in both benign and
malignant ovarian tumors [4]. TJs, along with adherens
junctions (AJs) and gap junctions, play essential roles in
maintaining cell-cell adhesion, epithelial cell polarity, and
regulating paracellular permeability [5,6]. TJs are com-
posed of integral membrane proteins—including occludin
and claudins—as well as cytoplasmic scaffolding proteins
such as zonula occludens-1 (ZO-1), ZO-2, and ZO-3 [7].
Occludin, a four-transmembrane-domain protein, localizes
specifically to tight junctions, whereas ZO-1, ZO-2, and
ZO-3 belong to the membrane-associated guanylate ki-
nase (MAGUK) family and serve as adaptor proteins that
link transmembrane components to the actin cytoskeleton.
These proteins assemble at sites of cell-cell contact, where
they mediate TJ formation and establish selective diffusion
barriers. Tight junctions between epithelial cells are dy-
namically regulated, and accumulating evidence suggests
that disruption of TJ integrity and loss of epithelial barrier
function are closely linked to tumor initiation, progression,
and metastasis [8].

Dysregulation of Claudin genes—comprising 27
known members that exhibit cell- and tissue-specific
expressions—is implicated in diseases affecting multiple
organs, including the kidney, intestine, lung, ovary, and
mammary gland. Altered expression or genomic loss of
claudins has been associated with tumorigenesis across di-
verse cancer types. Notably, overexpression of Claudin 1
(CLDN1), CLDN3, CLDN4, CLDN10, and CLDN18 has
been reported in various malignancies, whereas downregu-
lation or deletion of CLDN1, CLDN5, and CLDN7 is linked
to aggressive phenotypes in prostate cancer, breast cancer,
and other tumors [9]. Claudins display distinct expression
patterns within individual organs, with different tissues ex-
pressing unique combinations of claudin isoforms. The in-
teractions among these isoforms are thought to govern the
structural integrity and ion selectivity of TJs. As trans-
membrane cell surface proteins, claudins typically show
strong membranous immunostaining in tumor cells when
overexpressed, with minimal cytoplasmic signal. Impor-
tantly, aberrant delocalization of claudins from the plasma
membrane—a common feature in transformed epithelial

cells—is associated with increased migratory and invasive
capacity in ovarian cancer [10,11]. Cumulative evidence
indicates that the expression profiles of the 24-member
claudin family are highly specific to organ and tissue con-
text, highlighting their potential as diagnostic and therapeu-
tic targets.

Aberrant expression of claudin genes has been impli-
cated in a wide range of organ-specific diseases, particu-
larly in the kidney [12], intestine [13], lung [14], ovary [15],
and mammary gland [16]. The spectrum of claudin alter-
ations includes upregulation, downregulation, gene dele-
tions, and epigenetic silencing—either individually or in
combination. Regardless of the specific type of dysregula-
tion, perturbations in claudin function are increasingly rec-
ognized as key contributors to tumorigenesis, with distinct
roles shaped by the identity of the affected CLDN isoform
and the tissue context. For example, loss or reduced gene
expression of Claudin is associated with tumor progression
in instances such as liver cancer, lung cancer, prostate can-
cer, breast cancer, esophageal cancer, stomach cancer, col-
orectal cancer, and other tumors [17–22].

In contrast, overexpression of Claudin-1 has been con-
sistently reported in several malignancies, including oral
squamous cell carcinoma [23], colon cancer [24], and ma-
lignant melanoma [25]. Notably, both CLDN1 and CLDN2
are frequently upregulated in colorectal cancer, suggesting
a potential cooperative role in disease pathogenesis [26,27].

Multiple studies have demonstrated overexpression of
CLDN3 and CLDN4 in various malignancies, including
prostate, pancreatic, breast, uterine, and ovarian cancers
[28]. In liver and thyroid cancers, CLDN10 is upregulated,
whereas CLDN18 overexpression has been reported in pan-
creatic cancer [29,30]. In contrast, downregulation of spe-
cific claudins is also implicated in tumorigenesis. For ex-
ample, reduced expression or deletion of CLDN1 gene is as-
sociated with esophageal, lung, liver, invasive breast, gas-
trointestinal, ovarian, and cervical tumors. In prostate can-
cer, low levels of CLDN1 and CLDN5 correlate with ag-
gressive disease features. Similarly, diminished CLDN7
expression is observed in head and neck carcinoma and
ductal breast carcinoma, where it often predicts poor out-
comes. Notably, co-occurring dysregulation of multiple
claudins contributes to tumor initiation and progression; for
instance, concurrent high CLDN4 and low CLDN7 expres-
sion levels have been identified as independent predictors
of triple-negative breast cancer metastasis [31]. Further-
more, although CLDN3 and CLDN4 are frequently overex-
pressed in prostate cancer, reduced expression of CLDN1
and CLDN7 is inversely associated with tumor malignancy
[32]. Together, these findings highlight the complex and
context-dependent roles of claudin family members during
tumor progression, underscoring the importance of further
investigating their functional and clinical relevance in ovar-
ian cancer.
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In ovarian cancer, differential expressions of Claudin
genes, including CLDN3, CLDN4, CLDN6, and CLDN7,
have been observed and are implicated in tumor invasion
and metastasis. Notably, CLDN6 is frequently overex-
pressed in ovarian cancer tissues, making it a promising
therapeutic target. This potential is supported by the clin-
ical efficacy of anti-CLDN6 monoclonal antibodies in tes-
ticular germ cell tumors. Emerging evidence further high-
lights the feasibility of targeting CLDN6 with antibody–
drug conjugates (ADCs) and radionuclide-based therapies
for the treatment of ovarian cancer.

Our study leveraged multi-omics data from The Can-
cer Genome Atlas (TCGA) and Gene Expression Omnibus
(GEO), complemented by meta-analyses and single-cell
RNA sequencing, to investigate the association between
CLDN6, CLDN9, and CLDN10 expression and clinico-
pathological characteristics in ovarian cancer patients. By
integrating single-cell sequencing and bulk transcriptome
analysis, we demonstrate that a combined expression sig-
nature of these three genes significantly correlated with
key clinical parameters and exhibits strong potential as a
biomarker panel for early and accurate diagnosis of ovar-
ian cancer. These findings provide a foundation for devel-
oping improved diagnostic strategies and novel therapeutic
targets.

2. Methods
2.1 Data Collection

Gene expression profiles data from TCGA and GEO
databases were retrieved for analysis. The GSE18520
and GSE26712 datasets (https://www.ncbi.nlm.nih.gov
/geo) were obtained from GEO. GSE18520 included
10 normal tissues and 53 ovarian cancer samples,
while GSE26712 comprised 10 normal ovarian tissues
and 185 ovarian cancer samples. Clinical data from
TCGA (https://www.cancer.gov/ccg/research/genome-seq
uencing/tcga/studied-cancers)—including patient age, clin-
ical stage, pathological grade, lymph node and vein infiltra-
tion, vascular invasion, and survival outcomes—were ex-
tracted from the database and linked to 620 tumor sam-
ples and 10 normal samples. Due to the significant dis-
parity in the number of tumor samples and normal samples
in the TCGA database, calculations such as the odds ra-
tio (OR) may introduce substantial bias. Therefore, TCGA
data is primarily utilized in the field of tumor genomic
analysis. Additionally, single-cell sequencing data from
GSE184880, consisting of 7 ovarian tumor tissues and 5
adjacent non-tumor tissues, were incorporated into the in-
tegrative analysis.

2.2 Expression and Diagnostic Analysis of CLDN6,
CLDN9, and CLDN10

We initially screened 14 ovarian cancer gene
expression datasets from GEO, including GSE3149,
GSE9891, GSE26712, GSE14764, GSE15622, GSE18520,

GSE19829, GSE23554, GSE26193, GSE27651,
GSE30161, GSE51373, GSE63885, and GSE65986.
Among these, only GSE18520 and GSE26712, along
with TCGA dataset, included matched normal and tumor
tissue samples and were therefore selected for downstream
analysis. For each of the three datasets, univariate logistic
regression analyses were performed in R to evaluate the
association between CLDN gene expression (dichotomized
at the median) and disease status (tumor vs. normal). Odds
ratios (ORs) and corresponding p-values were calculated,
and genes showing statistically significant associations (p
< 0.05) in all three datasets were considered consistently
dysregulated. Prognostic hazard ratio (HR) for claudin
family members was extracted from the KM Plotter
database (https://kmplot.com/analysis/index.php?p=serv
ice&cancer=ovar). A meta-analysis was conducted using
a random-effects model, and forest plots were generated
with Revman software (5.4, The Cochrane Collaboration,
London, UK). Genes with hazard ratios significantly
different from 1 (95% CI not including 1) were deemed
prognostically relevant. Additionally, receiver operating
characteristic (ROC) curves were constructed for each
CLDN gene using the pROC package in R. Genes with
an area under the curve (AUC) greater than 0.7 in all
three datasets were identified as having strong diagnostic
potential.

2.3 Data of Single-Cell Analysis
Using DEcenter, we identified significantly elevated

expression of claudins in ovarian tumor tissues compared to
normal tissues. To further examine the expression patterns
of CLDNgenes at single-cell resolution, we analyzed a pub-
licly available scRNA-seq dataset (e.g., GSEXXXXXX)
downloaded from GEO, preprocessing the data with the
Seurat package in R [33]. Quality control was performed
by excluding cells with fewer than 200 or more than 10,000
detected genes, as well as those with greater than 5% mito-
chondrial read content. Additionally, only genes expressed
in at least three cells were retained for downstream analysis.
The filtered data were normalized and corrected for batch
effects before undergoing dimensional reduction. Principal
component analysis (PCA) was conducted to capture ma-
jor sources of variation, and the top principal components
were used as input for Uniform Manifold Approximation
and Projection (UMAP) to generate a two-dimensional em-
bedding for visualization. Cell clusters were identified us-
ing the FindClusters algorithm, and their identities were an-
notated by comparing cluster-specific expression profiles to
reference bulk RNA-seq datasets from Blueprint and EN-
CODE, using the SingleR package (Dvir Aran lab, Israel)
[34]. Finally, the expression patterns of target genes—
including CLDN6, CLDN9, and CLDN10—were exam-
ined across distinct cell populations to determine their cel-
lular context and potential functional roles.
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To further explore the functional roles of CLDN6,
CLDN9, and CLDN10 in OC at the transcriptome level, we
dichotomized tumor samples into high- and low-expression
groups based on the median expression level of each
gene. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analy-
ses were then performed using the clusterProfiler R pack-
age. To investigate intercellular communication patterns at
single-cell resolution, we applied the “CellChat” R pack-
age and the CellchatDB human database (https://rdrr.io/
github/sqjin/CellChat/man/CellChatDB.human.html) to in-
fer ligand–receptor-mediated signaling networks. Overlap-
ping enriched pathways identified across multiple CLDN-
associated analyses were selected for further evaluation.
Finally, Gene Set Enrichment Analysis (GSEA, v4.3.2,
Broad Institute, Cambridge, MA, USA, https://www.gs
ea-msigdb.org/gsea) was conducted to assess the enrich-
ment of these candidate pathways in high-versus low-
expression groups, thereby evaluating the functional impact
of CLDN6, CLDN9, and CLDN10 expression on key bio-
logical processes.

2.4 Comparison of the Predictive Ability of Traditional
Ovarian Cancer Biomarkers

ROC curves and corresponding area under the curve
(AUC) values were generated for a multi-gene signature
combining CLDN6, CLDN9, and CLDN10, and compared
with those of established clinical biomarkers—including
carbohydrate antigen 125 (CA125), human epididymis
4 (HE4), carcinoembryonic antigen (CEA), and alpha-
fetoprotein (AFP)—in three independent datasets.

2.5 Patient Tissue Samples

All 8 tissue samples were collected from the Gyne-
cology Department Specimen Repository of the First Hos-
pital of Lanzhou University. The present study received
ethical approval from the First Hospital of Lanzhou Uni-
versity. Written informed consent approving this study was
obtained from each patient.

2.6 Cell Culture and Transfection

The human ovarian epithelial carcinoma cell lines OV-
90 and SK-OV-3 were obtained from the Cell Bank of
Type Culture Collection of the Shanghai Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). The luciferase-expressing SK-OV-3
(Luc1) cell line was purchased from Meisen Chinese Tis-
sue Culture Collections (Zhejiang, China). All cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen, Waltham, MA, USA), supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin
solution (both from Invitrogen). Cells were maintained at
37 °C in a humidified atmosphere containing 5% CO2 and
were routinely passaged when reaching approximately 80%

confluence. All cell lines were validated by STR profiling
and tested negative for mycoplasma.

Specific small interfering RNAs (siRNAs) targeting
CLDN6, CLDN9, and CLDN10, along with a non-targeting
siRNA as a negative control (NC), were synthesized by
GenePharma (Shanghai, China). For stable knockdown,
a lentiviral vector encoding short hairpin RNA (shRNA)
against CLDN6 was also obtained from GenePharma.
Transient transfections were performed in OV-90 and SK-
OV-3 cells using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. Knockdown ef-
ficiency was validated 48 hours post-transfection by RT-
qPCR, and cells were subsequently harvested for func-
tional assays. To generate stable CLDN6-knockdown OV-
90 (Luc1) cells, lentiviral particles were used to infect target
cells, followed by puromycin selection. The resulting cell
line was employed to establish both subcutaneous xenograft
tumors and experimental lung metastasis models in immun-
odeficient mice.

2.7 Extraction of RNA and Quantitative Real-Time
Polymerase Chain Reaction (PCR) Analysis

Total RNA was extracted from cultured cells using
TRIzol reagent (Invitrogen), according to the manufac-
turer’s instructions. One microgram of total RNA was
reverse-transcribed into cDNA using the miScript II Re-
verse Transcription Kit (218161, Qiagen, Germantown,
MD, USA). Quantitative real-time PCR (qPCR) was per-
formed using the miScript SYBR Green PCR Master Mix
(Qiagen) on an ABI Prism 7900HT Sequence Detection
System (Applied Biosystems). Each reaction was carried
out in a final volume of 20 µL and included 40 cycles of
amplification under the following thermal cycling condi-
tions: 95 °C for 3 min (initial activation), followed by 95
°C for 15 sec, 58 °C for 30 sec, and 72 °C for 7 min per cy-
cle. The relative mRNA expression levels were calculated
using the 2−∆∆Cq method, with GAPDH or ACTB used as
endogenous reference genes.
Primer sequence:
CLDN6 F: 5′-TGTTCGGCTTGCTGGTCTAC-3′
R: 5′-CGGGGATTAGCGTCAGGAC-3′
CLDN9 F: 5′-ATGCAGTGCAAGGTGTACGA-3′
R: 5′-ATCAGGCCAAGGTCGAAAGG-3′
CLDN10 F: 5′-CTGTGGAAGGCGTGCGTTA-3′
R: 5′-CAAAGAAGCCCAGGCTGACA-3′
GAPDH F: 5′-ACAACTTTGGTATCGTGGAAGG-3′
R: 5′-GCCATCACGCCACAGTTTC-3′

2.8 Immunohistochemical (IHC) Analysis
Formalin-fixed, paraffin-embedded tissue sections

(4 µm thickness) were deparaffinized in xylene and rehy-
drated through a graded ethanol series (100%, 95%, and
70%) for 5 minutes each. Antigen retrieval was performed
via heat-induced epitope retrieval (HIER) using a pres-
sure cooker at 120 °C for 15 minutes in Tris-EDTA buffer

4

https://rdrr.io/github/sqjin/CellChat/man/CellChatDB.human.html
https://rdrr.io/github/sqjin/CellChat/man/CellChatDB.human.html
https://www.gsea-msigdb.org/gsea
https://www.gsea-msigdb.org/gsea
https://www.imrpress.com


(10 mM Tris, 1 mM EDTA, pH 8.0). Endogenous per-
oxidase activity was blocked with 3% hydrogen peroxide
for 10 minutes at room temperature. Sections were incu-
bated overnight at 4 °C with the primary antibody (CLDN6
1:200, 75055; CLDN9 1:500, 192398; CLDN10 1:400,
52234), followed by incubation with a horseradish peroxi-
dase (HRP)-conjugated secondary antibody (Goat Anti-Rat
IgG (H+L), 1:4500, AS106, ABCLonal, Wuhan, Hubei,
China). Immunoreactivity was visualized using 3,3′-
diaminobenzidine (DAB) as chromogen, and nuclei were
counterstainedwithGill’s Hematoxylin III (Carl Roth). The
antibodies for CLDN6/CLDN9/CLDN10 are all provided
by Abcam Company (Cambridge, UK). After brief bluing
in distilled water, sections were dehydrated and mounted
with EcoMount (Biocare Medical) for microscopic exami-
nation.

2.9 Cell Scratch Test
For the wound healing assay, cells were seeded at a

density of 1 × 105 cells per well in 6-well plates and cul-
tured overnight to achieve confluent monolayers. Wounds
were created by scratching the cell layer with a sterile 200-
µL pipette tip. Loosely adherent cells were removed by
gently washing three times with phosphate-buffered saline
(PBS), and serum-free medium was added to minimize cell
proliferation. Images were acquired at the time of scratch-
ing (0 h) and 24 hours later at identical locations. The ex-
tent of wound closure was analyzed using ImageJ software
(version 1.53t, National Institutes of Health, Bethesda, MD,
USA), and the relative migration rate was calculated as fol-
lows: [(A₀ – A₂₄)/A₀] × 100%, where A₀ and A₂₄ represent
the wound area at 0 h and 24 h, respectively.

2.10 Transwell Chamber
For the Transwell migration assay, a polycarbonate

membrane insert with an 8 µm pore size (Corning) was
used. Ovarian cancer cells (5 × 104 per well) were seeded
into the upper chamber in serum-free medium, while com-
plete medium containing 10% fetal bovine serum (FBS)
was placed in the lower chamber as a chemoattractant. Af-
ter incubation for 24 hours, non-migrated cells on the up-
per surface were removed with a cotton swab, and migrated
cells on the lower surface were fixed with methanol, stained
with crystal violet, and imaged under a light microscope
(IX-73, Olympus, Tokyo, Japan). The number of migrated
cells was quantified from five random fields per chamber
using ImageJ software. Experiments were performed using
CLDN6-knockdown cells and negative control cells to as-
sess the effect of CLDN6 silencing on migratory capacity.

2.11 Western Blotting
Total proteins were extracted from ovarian cancer tu-

mor tissues, matched adjacent non-tumor tissues, and OC
cell lines. Equal amounts of protein lysates were sepa-
rated by SDS-PAGE and transferred onto polyvinylidene

fluoride (PVDF) membranes. After blocking with 5% non-
fat milk in Tris-buffered saline containing 0.1% Tween-20
(TBST) for 1 hour at room temperature, membranes were
incubated overnight at 4 °C with primary monoclonal rab-
bit antibodies against the target protein (e.g., anti-CLDN6,
1:1000, 75055). Following three washes with TBST,
membranes were incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG secondary antibody
(1:4500, AS106, ABCLonal) for 1 hour at room temper-
ature. After additional TBST washes, protein bands were
visualized using an enhanced chemiluminescence (ECL)
detection reagent according to the manufacturer’s instruc-
tions.

2.12 Apoptosis Assay

Apoptosis was assessed using an Annexin V-
FITC/Propidium Iodide (PI) apoptosis detection kit
(AP101, MultiSciences, Hangzhou, Zhejiang, China),
according to the manufacturer’s instructions. Briefly,
harvested cells were washed once with cold phosphate-
buffered saline (PBS), then resuspended in Annexin V
Binding Buffer. Aliquots of 100 µL cell suspension were
incubated with 5 µL Annexin V-FITC and 5 µL PI for 15
minutes at room temperature (approx. 25 °C) in the dark.
Following staining, 400 µL of Annexin V Binding Buffer
was added directly to each sample without washing to
maintain cell viability and prevent loss of early apoptotic
cells. Samples were analyzed within 1 hour by flow cytom-
etry using a Longcyte flow cytometer (C2060, Challenbio,
Beijing, China). Fluorescence signals were detected in the
FL1 (FITC) and FL2 (PI) channels. Data were processed
using FlowJo v10 software (BD Life Sciences, Franklin
Lakes, NJ, USA), with apoptotic cells defined as Annexin
V-positive (early and late apoptosis). All experiments were
performed in biological triplicate.

2.13 Cell Cycle Assay

Cells were harvested, washed in PBS, and fixed in
cold 70% ethanol for 30 minutes at 4 °C. Fixed cells were
washed and stained with propidium iodide (MultiSciences)
for 15 minutes in the dark. Samples were analyzed imme-
diately using a flow cytometer. DNA content was mea-
sured (≥10,000 events/sample), and cell cycle distribution
(G0/G1, S, G2/M phases) was quantified using FlowJo soft-
ware. Experiments were performed in triplicate.

2.14 Mitochondrial Membrane Potential (∆Ψm) Assay by
Flow Cytometry

Cells were harvested, washed in PBS, and resus-
pended in warm culturemedium. JC-1 dye (final concentra-
tion: 5–10 µM; MultiSciences) was added, and cells were
incubated for 15–30 minutes at 37 °C in the dark. Cells
were washed with PBS, resuspended, and analyzed imme-
diately by flow cytometry. Fluorescence was detected in
the FL1 (green monomers, low ∆Ψm) and FL2 (red ag-
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gregates, high ∆Ψm) channels. The FL2/FL1 ratio quan-
tified ∆Ψm. Carbonyl cyanide m-chlorophenylhydrazone
(CCCP)-treated cells served as depolarized controls. At
least 10,000 events per sample were acquired. Data were
analyzed using FlowJo software. Experiments were per-
formed in triplicate.

2.15 ROS Detection
Cells were harvested, washedwith PBS, and incubated

with 10 µM DCFH-DA (2′,7′-dichlorodihydrofluorescein
diacetate; Beyotime, Shanghai, China) for 30 minutes at 37
°C in the dark. After washing, cells were resuspended in
fresh medium and incubated for 15 minutes at 37 °C to al-
low hydrolysis of DCFH-DA to DCFH. Reactive oxygen
species (ROS) oxidized non-fluorescent DCFH to fluores-
cent DCF. Samples were analyzed immediately by flow cy-
tometry. Data were analyzed using FlowJo software. Ex-
periments were performed in triplicate.

2.16 Subcutaneous Xenograft Tumour and Lung
Metastasis Models

Female nude mice (4–6 weeks old) were randomly as-
signed to subcutaneous xenograft tumor and lung metasta-
sis model groups. CLDN6-knockdown OV-90 cells were
injected subcutaneously or via the tail vein. Each mouse
received a subcutaneous inoculation of 2 × 106 cells in
200 µL of PBS. Tumor volume was calculated using the
formula V = (a × b2)/2, where a represents the longest di-
ameter and b the shortest. Metastatic dissemination was
monitored using an in vivo small-animal imaging system
(PerkinElmer, Waltham, MA, USA). The method of eu-
thanasia for the animals after the experiment was carried
out by using an excessive dose (In the gas anesthesia ma-
chine, after induction of anesthesia with 5% isoflurane,
1.5% isoflurane was used to maintain anesthesia. At the
time of euthanasia, 8% isoflurane was inhaled for 10 min-
utes until death was confirmed.) of isoflurane through an
inhalation anesthesia machine.

2.17 Statistical Analysis
The DECenter platformwas used to analyze transcrip-

tomic differences and identify gene expression disparities
between cancerous and adjacent non-tumor tissues. Ad-
ditionally, differential gene expression analysis was con-
ducted using the limma package in R, with results consid-
ered statistically significant at |log2FC| >1 and adjusted p-
value < 0.05.

3. Results
3.1 Identification of Ovarian Cancer-Associated CLDNs
Through Multi-Database Screening

By integrating transcriptomic data from TCGA and
two GEO datasets (GSE18520 and GSE26712), we identi-
fied multiple differentially expressed CLDN genes across
cohorts. In the TCGA cohort, 9 CLDN genes were

significantly upregulated and 13 were downregulated; in
GSE18520, 12 were upregulated and 5 were downregu-
lated; and in GSE26712, 8 were upregulated and 3 were
downregulated (Fig. 1). Cross-dataset integration revealed
five CLDN genes—namely CLDN4, CLDN6, CLDN9,
CLDN10, and CLDN16—that were consistently upregu-
lated and significantly associated with ovarian cancer status
(odds ratio>1, p< 0.05) across all three datasets (Table 1).

Table 1. OR of the CLDN protein family.
CLDN Datasets OR p value

CLDN4 GSE18520 7.155 0.011
CLDN4 GSE26712 4.205 0.001
CLDN6 GSE18520 6.563 0.046
CLDN6 GSE26712 4.256 0.000
CLDN9 GSE18520 7.576 0.000
CLDN9 GSE26712 9.870 0.000
CLDN10 GSE18520 2.251 0.003
CLDN10 GSE26712 4.997 0.000
CLDN16 GSE18520 3.401 0.001
CLDN16 GSE26712 4.558 0.000
OR, odds ratios; CLDN, Claudins.

Table 2. HR of the CLDN protein family.
CLDN Datasets HR p value

CLDN1 GSE18520 0.47 0.034
CLDN1 GSE26712 1.25 0.25
CLDN2 GSE18520 1.49 0.25
CLDN6 GSE18520 2.52 0.0025
CLDN6 GSE26712 1.56 0.012
CLDN9 GSE18520 0.69 0.29
CLDN9 GSE26712 1.70 0.0066
CLDN10 GSE18520 0.48 0.04
CLDN10 GSE26712 0.58 0.0038

3.2 Prognostic Value of CLDNs in Ovarian Cancer
Survival analysis using the Kaplan-Meier Plotter

database, combined with meta-analysis, revealed that high
expression of CLDN1, CLDN2, CLDN6, CLDN9, and
CLDN10 showed high expression in tumors. The genes
CLDN1, CLDN2, CLDN6, CLDN9, and CLDN10 all
demonstrate high expression in tumors. However, find-
ings from different studies and researchers vary: some in-
dicate these genes are risk factors associated with shorter
patient survival, while others suggest the opposite. There-
fore, a meta-analysis is required to integrate and evaluate
data from different studies and datasets, in order to vali-
date which genes are more likely to be risk genes. Fig. 2
shows a Meta-analysis of different CLDN gene families.
The results showed that CLDN2 and CLDN10 showed HR

6
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Fig. 1. The differential expression of Claudin genes. (A) The volcano plot displays differential expression in GSE18520. (B) The
heatmap displays differential expression in GSE18520. (C) The volcano plot displays differential expression in GSE26712. (D) The
heatmap displays differential expression in GSE26712. (E) The volcano plot displays differential expression in TCGA. (F) The heatmap
displays differential expression in TCGA. TCGA, The Cancer Genome Atlas.
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Fig. 2. Statistically significant hazard ratio (HR) values for CLDN genes. (A) CLDN1. (B) CLDN2. (C) CLDN6. (D) CLDN9. (E)
CLDN10. CLDN, Claudins.
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Fig. 3. Venn diagram illustrating the intersection of TCGA, GSE18520, and GSE26712 datasets.

<1 (Fig. 2B,E), and others showed HR >1 (Fig. 2A,C,D).
Heterogeneity was assessed using meta-analysis, followed
by further validation with data from the GSE dataset to ana-
lyze whether the CLDN family genes and hazard ratio (HR)
showed statistical significance.

We calculated the HR values and p-values of CLDN1,
CLDN2, CLDN6, CLDN9, and CLDN10 in different
datasets within the GSE database, respectively. Then, Cox
regression was employed to analyze the significance of dif-
ferent CLDN genes of HR in OC (Table 2). The results re-
vealed marked contradictions in CLDN2, which was there-
fore subsequently excluded from further analysis. CLDN6,
9, and 10 demonstrated consistent associations across dif-
ferent study analyses, indicating enhanced reliability of
these genes in subsequent investigations.

Through the TCGA and GSE dataset, we analyzed
the differential expression of CLDN family genes in tu-
mor and normal tissues, identified significantly highly ex-
pressed genes, and calculated the odds ratios (OR) of CLDN
genes with statistical significance. Additionally, we col-
lected literature and performed a meta-analysis to assess the
heterogeneity of HR for the CLDN family across different
studies, identifying CLDN family genes with pooled HR
values greater than 1 or less than 1. Furthermore, using the
GSE dataset, we conducted Cox regression analysis to fur-
ther examine CLDN family genes with HR values greater
than 1 or less than 1 and significant associations (p< 0.05).
Based on the above analyses, the intersection of these con-
ditions was taken, ultimately identifying CLDN6, CLDN9,
and CLDN10 for subsequent ROC validation and experi-
mental verification analysis (Fig. 3).

3.3 CLDN6, CLDN9, and CLDN10 as a Superior
Diagnostic and Prognostic Signature

In the diagnosis of ovarian cancer, there are four clas-
sic serum biomarkers: CA125, HE4, CEA, and AFP. This
study plans to compare three CLDN family genes screened
from public datasets with these classic serum biomarkers.
The expression data of the three CLDN genes will be inte-
grated to form a composite diagnostic and prognostic in-
dicator for comparison and analysis. To prioritize can-
didate biomarkers, we implemented a three-dimensional
screening strategy integrating odds ratio (OR), hazard ratio
(HR), meta-analysis and area under the curve (AUC) val-
ues. We have established the following criteria for selecting
the CLDN family genes: (1) OR >1 and p < 0.05; (2) HR
>1 or HR <1 and p < 0.05; (3) AUC value of HR >0.7;
(4) demonstration of validity in the meta-analysis results.
The results showed that CLDN6, CLDN9, and CLDN10
were highly expressed in tumors, with OR >1 and p <

0.05. Among them, CLDN10 had HR <1 and p < 0.05,
while CLDN6 and CLDN9 had HR >1 and p < 0.05. Fur-
thermore, the AUC values of all three genes consistently
exceeded 0.7 across different datasets. These three genes
met our screening criteria and were selected as candidate
genes to proceed with model construction analysis and ex-
perimental validation.

First, we performed ROC curve analysis for CLDN6,
9, and 10 in different datasets separately, and the results
showed that their AUC >0.75 (Fig. 4). And these three
CLDN genes were integrated with diagnosis index as fol-
lowing.

diagnosis index (DI) =
∑

i βi ×Gi
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Fig. 4. The area greater than 0.7 under ROC curve of CLDN family in GSE18520, GSE26712 and TCGA dataset. (A) GSE18520
dataset. (B) GSE26712 dataset. (C) TCGA dataset. ROC, receiver operating characteristic.
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Fig. 5. The areas under ROC curves of our three combined genes and existing gynecological tumor markers in GEO database
and TCGA. CA125, CEA, AFP, HE4 are currently available gynecological tumor markers. DI represents a combination of CLDN genes.
(A) GSE18520 dataset. (B) GSE26712 dataset. (C) TCGA dataset. GEO, Gene Expression Omnibus; CA125, carbohydrate antigen 125;
CEA, carcinoembryonic antigen; AFP, alpha-fetoprotein; HE4, human epididymis 4; DI, diagnosis Index.

In this formula, βi is the Cox regression coefficient
of the ith CLDN genes, Gi is the relative expression level
of the ith gene. Subsequently, we compared the DI indica-
tor (which integrates CLDN6, 9, and 10 genes) with indi-
vidual classic serum biomarkers for analysis, with the re-
sults shown in Fig. 5. The results indicate that the com-
bined DI index demonstrates superior performance com-
pared to other traditional indicators. In Fig. 5A,B, the AUC
of DI exceeds 0.99, demonstrating exceptionally high di-
agnostic efficacy. In Fig. 5C using the TCGA database,
the AUC remains above 0.948. The results also reveal that
among traditional diagnostic biomarkers, only HE4 main-
tains relatively stable diagnostic performance across multi-
ple datasets, with results approaching those of the combined
DI index.

3.4 Single-Cell Resolution of CLDN Functions in Tumor
Microenvironment

Single-cell sequencing reveals cell type-specific
mechanisms. Spatial expression localization: CLDN6/9/10
are highly expressed in themalignant epithelial cell subpop-
ulation and are highly co-localized with the tumor core re-
gion (Fig. 6). Inter-cellular ligand-receptor analysis shows
that CLDN6/9 activate the Wnt/β-catenin pathway (pro-
moting metastasis). CLDN10 inhibits the Wnt signal (tu-
mor suppressor effect) (Figs. 7,8).

3.5 Experimental Validation Using Clinical Specimens and
Cellular Models

IHC and PCR results confirmed unanimously: The
expression levels of CLDN6, CLDN10 proteins and their
mRNAs in ovarian cancer tissues were significantly higher
than those in normal tissues (Fig. 9). Western Blot results
showed that ovarian cancer tissues had a higher CLDN6 ex-
pression in comparison to normal tissues (Fig. 10).

To verify the functional driving role of CLDN6,
CLDN9 and CLDN10, a gene knockdown experiment
was conducted on the OV-90 and SK-OV-3 cell lines.
si-CLDN10-2/3, si-CLDN9-2/3, si-CLDN6-1/3, were se-
lected as the best silencing siRAN and used in subsequent
experiments (Fig. 11A). The CCK8 and transwell experi-
ments further demonstrated that reducing CLDN6 expres-
sion, rather than CLDN9 and CLDN10, could notably sup-
press cell proliferation and migration (Fig. 11B–D). There-
fore, we decided to focus on CLDN6.

Next, a series of in vitro experiments showed that
diminishing CLDN6 expression significantly reduced the
wound-healing ability (Fig. 11E–F), promoted mitochon-
drial depolarization and cell apoptosis, induced ROS accu-
mulation and partial G1 arrest in OC cell lines (Fig. 12A–
D). The Western blot results showed that interfering with
the expression of CLDN6 affected the protein expression of
Wnt/β-catenin signaling pathway (Fig. 13). The results of
the animal experiments showed that interfering with the ex-
pression of CLDN6 affected the size of the subcutaneous tu-
mors and significantly reduced distant metastasis (Fig. 14).

4. Discussion
Ovarian cancer, the most lethal gynecologic malig-

nancy, is frequently diagnosed at advanced stages due to
nonspecific clinical manifestations and a lack of reliable
early biomarkers—leading to its recognition as the “silent
killer” [35]. This highlights an urgent need for novel diag-
nostic markers and therapeutic targets. Our study has iden-
tified CLDN6, CLDN9, and CLDN10 as critical contrib-
utors to OC pathogenesis through integrated multi-omics
analysis.

In this study, CLDN6, CLDN9, and CLDN10 exhib-
ited distinct and consistent expression patterns in ovarian
cancer across multiple datasets. To assess their prognos-
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Fig. 6. The function and expression of Claudin proteins were validated at the single-cell level. (A) The expression of CLDN6 differs
between normal tissues and tumors. (B) The expression of CLDN9 differs between normal tissues and tumors. (C) The expression of
CLDN10 differs between normal tissues and tumors.

tic significance, HRs for all claudin family genes were de-
rived from Cox proportional hazards models using data
fromTCGA,GSE18520, andGSE26712, with significantly
associated genes identified through meta-analysis and for-
est plot visualization. Subsequently, odds ratios (ORs) were
estimated via logistic regression in R to evaluate associa-
tions with tumor status, and claudin genes with p < 0.05
were considered statistically significant. Of particular inter-
est, CLDN6, CLDN9, and CLDN10 consistently emerged
as top candidates. The diagnostic performance of estab-
lished gynecological biomarkers—CA125, HE4, AFP, and
CEA—was evaluated by ROC curve analysis. Results
showed that AFP achieved the highest AUC in GSE18520,
while HE4 demonstrated the greatest discriminatory power
in both GSE26712 and TCGA. These findings confirmHE4
as a robust diagnostic marker in ovarian cancer, consistent
with previous reports [36]. When comparing the predictive
accuracy of CLDN6, CLDN9, and CLDN10 against con-
ventional biomarkers (CA125, CEA, AFP, and HE4), the
CLDN-based markers demonstrated significantly superior
and more consistent performance across all datasets.

By integrating transcriptomic data from The Cancer
Genome Atlas ovarian cancer cohort (TCGA-OV) and two
independent GEO datasets (GSE18520 and GSE26712),
we demonstrated that CLDN6, CLDN9, and CLDN10 are
consistently upregulated in ovarian cancer tissues across

all cohorts. Their combined expression signature ex-
hibits superior diagnostic performance, with an area un-
der the ROC curve (AUC) of 0.993, outperforming conven-
tional biomarkers including CA125, HE4, CEA, and AFP.
High expression of these genes is significantly associated
with worse overall survival, a finding validated through
meta-analysis using the Kaplan-Meier Plotter (KM plotter)
database. This multidimensional screening approach ro-
bustly identifies CLDN6, CLDN9, and CLDN10 as central
biomarkers in ovarian cancer.

Based on these findings, we performed further valida-
tion using single-cell RNA sequencing data and confirmed
that CLDN6, CLDN9, and CLDN10 were significantly up-
regulated in tumor tissues compared to matched non-tumor
ovarian tissues. This observation is consistent with a previ-
ous study by Peipei Gao et al. [37], which reported elevated
expression of these genes in ovarian cancer [38]. At single-
cell resolution, these genes exhibited tumor-restricted ex-
pression patterns, being predominantly enriched in malig-
nant epithelial cells—the cell type of origin for over 90%
of ovarian carcinomas [39]. Notably, ligand–receptor in-
teraction analysis suggested that CLDN6 and CLDN9 are
associated with activation of the Wnt/β-catenin pathway—
a known driver of ovarian cancer metastasis—whereas
CLDN10 showed paradoxical suppression of Wnt signal-
ing. These findings suggest that CLDN6, CLDN9, and
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Fig. 7. Expression levels of CLDN6, CLDN9 and CLDN10 in different cells in normal and tumor tissues. (A) UMAP visualizes
the composition in normal ovarian tissue. (B) UMAP visualizes the composition in ovarian tumor tissue. (C) The expression of Claudin
proteins in normal cells. (D) The expression of Claudin proteins in ovarian cancer cells. UMAP, Uniform Manifold Approximation and
Projection.

Fig. 8. Gene Set Enrichment Analysis (GSEA) enrichment analysis of CLDN6, CLDN9, and CLDN10. (A) CLDN6. (B) CLDN9.
(C) CLDN10.
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Fig. 9. The expression of CLDN6, CLDN9, CLDN10 in clinical tissue samples. (A) Gene expression between OC and normal tissues
using RT-PCR, ***p < 0.001, ns, indicates no significant difference, n = 4. (B) Gene expression between OC and normal tissues using
immunohistochemistry. Scale bar = 100 µm. OC, ovarian cancer; RT-PCR, reverse transcription-polymerase chain reaction.

Fig. 10. The protein expression of CLDN6 in clinical tissue samples. (A) Gene expression between normal and OC tissues using
Western-blot. (B) Quantitative expression of CLDN6 in normal ovarian tissue and OC tissue, ** p < 0.01, n = 4.

CLDN10may collectively contribute to ovarian cancer pro-
gression throughmodulation ofWnt signaling, although the
role of CLDN10 appears context-dependent. Epithelial-

specific targeting of these molecules could therefore max-
imize therapeutic efficacy while minimizing off-target ef-
fects on normal tissues. The preferential expression of
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Fig. 11. The effect of CLDNs knockdown on OC cells proliferation and migration. (A) Determination of knockdown efficiency of
CLDN9, CLDN6 and CLDN10 in OV-90 and SK-OV-3 cell lines by qPCR. (B) The effect of knocking down CLDNs on the proliferation
of the OC cells. (C) The effect of knocking down CLDNs on the transwell chamber migration of the OC cells. Scale bar = 50 µm. (D)
Statistics of transwell chamber migration experiment results. (E) The effect of knocking down CLDN6 on the scratch migration of OV-90
and SK-OV-3 cells. Scale bar = 100 µm. (F) Statistical scratch test results. *p < 0.05, **p < 0.01, ***p < 0.001; n = 3.
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Fig. 12. Analysis of the effect of CLDN6 on OC cells by flow cytometry. (A) The mitochondrial membrane potential of OV-90 and
SK-OV-03 cells were detected by flow cytometry and Statistics of experiment results. (B) Flow detection of cell apoptosis rate and data
analysis. (C) Accumulation of ROS in cells and statistics of ROS relative fluorescence intensity experiment results. (D) Detection of
cell cycle arrest was performed by flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001; n = 3.
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Fig. 13. The protein expression of the Wnt/β-catenin pathway after the CLDN6 was knocked down. (A) Western blot analysis of
Wnt/β-catenin signalling pathway-related proteins. (B) Statistical scratch test results. **p < 0.01, ***p < 0.001; n = 3.

CLDN6, CLDN9, and CLDN10 in malignant epithelial
cells underscores their biological relevance and strengthens
the rationale for their investigation as biomarkers and thera-
peutic targets. To further explore their functional roles, GO
and KEGG pathway enrichment analyses were conducted,
revealing significant enrichment of these genes in the Wnt
signaling pathway. This highlights the critical involvement
of Wnt signaling in ovarian cancer pathogenesis, a path-
way well-established in tumorigenesis across multiple can-
cer types [40]. In conclusion, the complex nature of ovarian
cancer initiation and progression likely involves the coor-
dinated action of multiple genes, exemplified by the func-
tional synergy of the CLDN6/9/10 axis.

Finally, we experimentally validated these findings.
Immunohistochemistry and Western blotting confirmed
protein-level overexpression of CLDN6, CLDN9, and
CLDN10 in clinical ovarian cancer specimens. CLDN6
knockdown led to mitochondrial depolarization, ROS accu-
mulation, apoptosis (Figs. 12,13), and a greater than 50%
reduction in cell migration and invasion (Fig. 11). These
results demonstrate that CLDN6 plays a central role in reg-
ulating ovarian cancer cell survival and motility. Notably,
early-phase clinical trials of CLDN6-targeting ADCs have
shown promising efficacy in ovarian cancer [13,33], while

CLDN18.2-directed therapies are under investigation in re-
lated malignancies [14,41]. Together, our data support the
development of CLDN6, CLDN9, and CLDN10 as action-
able targets for next-generation therapeutic strategies, in-
cluding ADCs and siRNA-based interventions.

Our study has several limitations. First, the analysis
lacks detailed stratification by FIGO stage and histologi-
cal subtype, which may affect the generalizability of our
findings. Additionally, the functional targeting effects of
CLDN6, CLDN9, and CLDN10 have not yet been validated
in vivo. Future studies should confirm the diagnostic and
prognostic roles of these genes in a prospective ovarian can-
cer cohort. Furthermore, it will be important to investigate
the distinct therapeutic vulnerabilities—such as differential
regulation of the Wnt signaling pathway—associated with
each claudin family member across molecular subtypes of
ovarian cancer.

5. Conclusions
This study identifies CLDN6, CLDN9, and CLDN10

as promising biomarkers and functional mediators in ovar-
ian cancer with three key features. First, their combined
expression constitutes a novel diagnostic signature that out-
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Fig. 14. In vivo experiments. (A) Subcutaneous tumor. (B) Tumor growth curve. ***p < 0.001; n = 6. (C) Live imaging observation
of lung metastasis. (D) Live imaging fluorescence intensity analysis. ***p < 0.001; n = 3.

performs established biomarkers such as CA125 and HE4.
Second, these genes act as key drivers of ovarian cancer
progression, promoting tumorigenesis through modulation
of theWnt signaling andmitochondrial apoptosis pathways.
Third, they are specifically enriched in malignant epithelial

cells, and experimental knockdown ofCLDN6 significantly
inhibits tumor cell viability and invasion in vitro. Together,
the CLDN6/9/10 axis represents a promising target for both
early detection and precision therapy of ovarian cancer.
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