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Abstract

Zonula occludens-1 (ZO-1), encoded by the TJP1 gene, is a crucial scaffolding protein within tight
junctions that maintains epithelial and endothelial barrier integrity. In addition to its structural role,
Z0O-1 participates in signal transduction pathways that influence various cellular processes such as
proliferation, differentiation, and apoptosis. Increasing evidence suggests that tight junction proteins,
including ZO-1, play important regulatory roles in tumor progression, particularly by modulating
metastasis, cell polarity, and vascular remodeling. Ovarian cancer, the most lethal gynecologic
malignancy, is characterized by rapid growth, peritoneal dissemination, and a strong reliance on
tumor angiogenesis. However, the specific role of ZO-1 in regulating angiogenesis within ovarian
cancer remains poorly defined. In this study, we used CRISPR-Cas9-mediated gene editing to
generate TJP1 knockout (KO) ovarian cancer cell lines and investigated the impact of ZO-1 loss on
the expression of angiogenesis-related genes. Transcriptomic and qRT-PCR analyses revealed
upregulation of KLF5 and IL-8, both of which are well-established pro-angiogenic factors.
Furthermore, functional assessment using a Matrigel™ tube formation assay demonstrated that
conditioned media from ZO-1-deficient cells significantly enhanced endothelial tube formation.
These findings indicate that ZO-1 loss promotes a pro-angiogenic tumor microenvironment, likely
through modulation of key signaling molecules such as KLF5 and IL-8. Therefore, ZO-1 may serve
as a potential suppressor of angiogenesis and a therapeutic target in ovarian cancer.

Keywords: ovarian cancer; ZO-1; angiogenesis; CXCL8; KLF5

1. Introduction

Tight junctions (T]s) are specialized intercellular adhesion complexes that form selective barriers
in epithelial and endothelial tissues, playing key roles in maintaining tissue integrity, regulating
paracellular permeability, and coordinating signaling pathways essential for cell proliferation and
immune responses [1-5] These structures consist of transmembrane proteins such as claudins,
occludin, and JAMs anchored to the actin cytoskeleton via cytoplasmic scaffold proteins [6,7]. Among
them, ZO-1, encoded by the TJP1 gene, acts as a critical adaptor linking T] components to the
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cytoskeleton and various signaling molecules, thereby conferring both structural stability and
regulatory plasticity [8,9].

ZO-1 not only maintains junctional architecture but also responds to mechanical and
biochemical cues in the tumor microenvironment, influencing processes such as epithelial-
mesenchymal transition (EMT), proliferation, and immune cell infiltration [10]. Dysregulation of ZO-
1 either through downregulation or cytoplasmic mislocalization has been implicated in diverse
malignancies, leading to compromised cell adhesion, increased motility, and enhanced invasiveness
[11,12]. Such alterations are associated with poor prognosis and metastasis in multiple cancers,
including those of the liver, stomach, pancreas, and lung [13-16].

In ovarian cancer tissues, ZO-1 expression is frequently downregulated or redistributed from
the plasma membrane to the cytoplasm or nucleus. This alteration has been associated with EMT and
enhanced tumor invasiveness [17,18]. Ovarian cancer is the most lethal gynecologic malignancy,
characterized by asymptomatic progression, frequent relapse, and a tendency for peritoneal
dissemination [18,19]. These metastatic features suggest a role for adhesion molecule dysregulation,
including TJ disassembly. While emerging evidence implicates ZO-1 in modulating the tumor
microenvironment through inflammatory and stromal interactions [17], its influence on tumor
angiogenesis in ovarian cancer has yet to be elucidated.

Angiogenesis is a hallmark of cancer that enables tumor growth and metastasis by providing
oxygen, nutrients, and routes for dissemination [20,21]. It is controlled by a balance between pro- and
anti-angiogenic signals, and its disruption leads to abnormal tumor vasculature [22]. Recent studies
suggest that junctional proteins like ZO-1 may intersect with angiogenic signaling, either directly
through gene regulation or indirectly via microenvironmental modulation [23-25]. However, the
mechanistic relationship between ZO-1 and angiogenesis remains largely unknown in ovarian
cancer.

In this study, we aim to elucidate the role of TJP1 (ZO-1) in regulating tumor angiogenesis in
ovarian cancer. Using SKOV3 and OVCARS3 cell lines as models, we generated CRISPR-Cas9-
mediated TJP1 knockout cells and assessed angiogenic behavior through both in vitro tube formation
assays and in vivo Matrigel plug experiments. To further investigate the molecular pathways affected
by ZO-1 loss, we examined the expression of key angiogenic mediators, including IL-8 and KLF5.
This study seeks to provide new insights into the functional relevance of ZO-1 in ovarian cancer
pathogenesis and highlight its potential as a target for anti-angiogenic therapeutic strategies.

2. Results

2.1. Establishment of ZO-1-Deficient Ovarian Cancer Cell Lines

To investigate the functional role of ZO-1 in ovarian cancer, we generated ZO-1 KO cell lines
using the CRISPR/Cas9 genome editing system. Two epithelial ovarian cancer cell lines, SKOV3 and
OVCARS3, were transfected with plasmids encoding Cas9 and guide RNAs (gRNAs) specifically
targeting the ZO-1 gene (TJP1). The gRNA sequences used for targeting are listed in Figure 1A. To
confirm successful genome editing, the targeted genomic regions were amplified and subjected to
Sanger sequencing. As shown in Figure 1B, sequence analysis revealed the presence of deletions at
the target loci, resulting in frameshift mutations and subsequent alterations in the encoded amino
acid sequence. These findings confirm that the CRISPR/Cas9 system efficiently introduced disruptive
mutations into the TJP1 gene. Subsequently, we assessed ZO-1 protein expression in the edited cells
by Western blot analysis. As presented in Figure 1C, ZO-1 protein was undetectable in both SKOV3
and OVCARS KO cell lines, indicating a complete loss of ZO-1 protein expression. Together, these
results verify the successful establishment of ZO-1-deficient ovarian cancer cell lines, which serve as
a robust model to explore the biological role of ZO-1 in tumor progression.
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Figure 1. (A) Exon 3 of the TJP1 gene, encoding ZO-1, was targeted in SKOV3 and OVCAR3 ovarian cancer cell
lines using the CRISPR-Cas9 system. (B) Successful genome editing and suppression of ZO-1 expression were

confirmed by Sanger sequencing. (C) ZO-1 protein depletion was further validated by Western blot analysis.

2.2. Enhanced In Vitro Tumor Angiogenesis Following ZO-1 Knockout

To evaluate the impact of ZO-1 loss on tumor angiogenesis, we performed an in vitro tube
formation assay using conditioned media (CM) derived from ZO-1 KO ovarian cancer cells. CM was
collected from SKOV3 and OVCARS3 cells following CRISPR/Cas9-mediated ZO-1 depletion. In
parallel, CM was also obtained from ZO-1-rescued cell lines to determine whether re-expression of
Z0O-1 could reverse the pro-angiogenic phenotype(Supplementary Figure S1). Human umbilical vein
endothelial cells (HUVECs) were seeded onto Matrigel-coated 96-well plates and treated with the
collected CM for six hours. As shown in Figure 2A,B, CM from ZO-1 KO SKOV3 and OVCAR3 cells
significantly increased endothelial tube formation compared to CM from control cells. Notably, the
pro-angiogenic effect was attenuated when ZO-1 expression was restored in the KO cells, indicating
that ZO-1 negatively regulates angiogenic potential in ovarian cancer cells. To quantitatively assess
angiogenesis, tube network parameters such as mesh length and segment length were measured and
are presented in Figure 2C,D. These analyses further confirmed that ZO-1 depletion leads to
enhanced vascular network formation, which is reversed upon ZO-1 re-expression. Collectively,
these findings demonstrate that ZO-1 plays a suppressive role in the regulation of angiogenesis in
ovarian cancer, and its loss promotes a tumor microenvironment conducive to vascularization.
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Figure 2. Verification of the role of ZO-1 on angiogenesis in human ovarian cancer cells. (A and B) Tube
formation assays were performed using HUVECs incubated with conditioned medium (CM) derived from ZO-
1 KO SKOV3 and OVCAR3 human ovarian cancer cells. Tube formation assays using conditioned medium (CM)
from ZO-1 KO SKOV3 and OVCARS cells showed a significant increase in tube formation in HUVECs. (C and
D) This effect was reversed when ZO-1 expression was rescued in ZO-1 KO SKOV3 and OVCAR3 cells. Scale
bar = 200 um. The above results were quantified and represented graphically for statistical analysis. (.*p < 0.05,
***p < 0.001).

2.3. ZO-1 Loss Induces Angiogenesis in the Matrigel Plug Assay

To evaluate the role of ZO-1 in tumor-induced angiogenesis, a Matrigel plug assay was
performed in BALB/c nude mice. SKOV3 ovarian cancer cells were suspended in Matrigel and
subcutaneously injected into the flanks of the mice (Supplementary Figure S2). Two groups were
established: a control (CON) group using wild-type SKOV3 cells and a ZO-1 KO group using ZO-1-
deficient SKOV3 cells (Figure 3A). The mice were maintained for two weeks to allow tumor cells to
interact with the surrounding microenvironment and induce vascularization within the plugs. After
two weeks, the Matrigel plugs were harvested and assessed for gross morphology. Compared to the
CON group, plugs from the ZO-1 KO group appeared larger and exhibited more prominent surface
vascularization, as indicated by visible blood vessels (Figure 3B, red arrows). To assess
vascularization at the histological level, the plugs were fixed, embedded in paraffin, sectioned, and
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subjected to hematoxylin and eosin (H&E) staining. Histological analysis revealed a significantly
higher number of blood vessels in the ZO-1 KO group compared to the CON group (Figure 3C, red
arrows). Quantification of vascular density demonstrated a marked increase in blood vessel
formation in the ZO-1 KO plugs relative to controls (Figure 3C, bar graph; p < 0.01). These results
suggest that loss of ZO-1 promotes angiogenesis, potentially by modulating the tumor
microenvironment to favor neovascularization.
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Figure 3. ZO-1 deficiency enhances blood vessel formation in Matrigel. (A) Schematic diagram of the
experimental procedure. Control or ZO-1 KO SKOV3 ovarian cancer cells were mixed with Matrigel and
subcutaneously injected into BALB/c nude mice (n =5 per group) to evaluate the angiogenic potential in vivo.
(B) Representative images of Matrigel plugs retrieved two weeks after injection. Red arrows indicate visible
blood vessel infiltration within the plugs. The ZO-1 KO group showed a notable increase in vascularization
compared to the control (CON) group. (C) Hematoxylin and eosin (H&E) staining of paraffin-embedded
Matrigel plugs. Red arrows indicate blood vessels. Quantification of blood vessel numbers per field was

performed (right graph). Data are presented as mean + SD (n = 5). **p <0.01, unpaired Student’s t-test.
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2.4. Regulation of ZO-1-Dependent Angiogenesis by IL-8 and KLF5

Based on the results described above, ZO-1 appears to play a regulatory role in angiogenesis in
ovarian cancer cells. To further elucidate the underlying molecular mechanisms, transcriptome
analysis was performed using RNA sequencing. Gene expression changes associated with
angiogenesis were analyzed in both SKOV3 and OVCARS3 ovarian cancer cell lines. Figure 4A shows
that 17 angiogenesis-related genes were differentially expressed in SKOV3 cells following ZO-1 KO,
with 13 genes upregulated and 4 downregulated. In OVCARS3 cells, 56 genes exhibited significant
differential expression, including 22 upregulated and 34 downregulated genes. Additional candidate
genes potentially involved in angiogenesis were identified through heatmap analysis of differentially
expressed angiogenesis-related genes (Figure 4B). Comparison of these transcriptomic results with
tube formation assay data revealed commonly upregulated genes in both cell lines, notably Kriippel-
like factor 5 (KLF5) and C-X-C motif chemokine ligand 8 (CXCLS8/IL-8). IL-8 has previously been
implicated in promoting angiogenesis in pancreatic cancer, while KLF5 has been reported to enhance
angiogenic activity in bladder cancer [26,27]. To validate these findings, quantitative real-time PCR
(gqRT-PCR) was conducted and confirmed that IL-8 and KLF5 mRNA levels were significantly
elevated in ZO-1 KO cells compared to controls (Figure 4C). Consistently, Western blot analysis
further demonstrated increased protein expression levels of IL-8 and KLF5 in both SKOV3 and
OVCARS cells following ZO-1 deletion (Figure 4D). Collectively, these results suggest that IL-8 and
KLF5 are key mediators of ZO-1-regulated angiogenesis in ovarian cancer cells.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Transcriptomic and molecular analyses reveal upregulation of angiogenesis-related genes following
Z0-1 KO in ovarian cancer cells. (A) Gene ontology (GO) analysis of differentially expressed genes (DEGs) in
TJP1 (ZO-1) KO cells was performed using next-generation RNA sequencing. Enriched biological processes
associated with angiogenesis and cell signaling are presented for SKOV3 and OVCAR3 cells. (B) Heatmap
visualization of angiogenesis-related gene expression across control and ZO-1 KO groups in SKOV3 and
OVCARS3 cells. Columns represent experimental groups, and rows represent individual angiogenesis-related
genes. (C) Quantitative real-time PCR (qRT-PCR) analysis of CXCL8 (IL-8) and KLF5 mRNA expression in
SKOV3 and OVCARS3 cells. Gene expression was normalized to GAPDH. Data are presented as mean + SD (n =
3). *p <0.05, **p < 0.01, **p < 0.0001, compared to control. (D) Western blot analysis of IL-8 and KLF5 protein
expression in control and ZO-1 KO SKOV3 and OVCAR3 cells. GAPDH was used as a loading control.

3. Discussion

In this study, we demonstrated that CRISPR-Cas9-mediated knockout of ZO-1 in human ovarian
cancer cell lines (SKOV3 and OVCAR3) enhances angiogenic potential. Functional assays revealed
that conditioned media from ZO-1-deficient cells promoted tube formation in HUVECsS, indicating
that ZO-1 may regulate the secretion of pro-angiogenic factors. This phenotype was reversed by re-
expression of ZO-1, suggesting a ZO-1-dependent mechanism that modulates endothelial behavior.
Given that tumor cells do not form blood vessels themselves [28,29], these results support a role for
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ZO-1 in regulating the tumor microenvironment by influencing the behavior of neighboring
endothelial cells rather than acting solely within tumor cells.

Consistent with in vitro findings, Matrigel plug assays in vivo showed significantly increased
vascularization in plugs containing ZO-1 knockout cells, reinforcing the anti-angiogenic role of ZO-
1.

Transcriptomic and qRT-PCR analyses identified IL-8 and KLF5 as key pro-angiogenic genes
upregulated in ZO-1-deficient cells. IL-8 is a chemokine known to promote endothelial proliferation,
migration, and vascular remodeling [30-32], while KLF5 is a zinc finger transcription factor involved
in angiogenesis and tumor progression through regulation of multiple downstream targets [26,33,34].
These findings suggest that loss of ZO-1 enhances angiogenesis by upregulating IL-8 and KLF5.

Interestingly, previous studies have proposed that IL-8 overexpression can suppress ZO-1
expression, indicating a reciprocal regulatory loop between ZO-1 and angiogenic signaling pathways
[35,36]. Moreover, ZO-1 has been proposed to function as a tumor suppressor through regulation of
the tumor microenvironment and angiogenic signaling [37-39].

While our data strongly support a role for ZO-1 as a negative regulator of tumor angiogenesis,
further studies are warranted to determine whether inhibition of IL-8 or KLF5 can reverse the
angiogenic phenotype in ZO-l1-deficient cells, and whether ZO-1 loss contributes to tumor
progression and metastasis in vivo.

In conclusion, our findings reveal that ZO-1 suppresses angiogenesis in ovarian cancer by
negatively regulating pro-angiogenic mediators such as IL-8 and KLF5. This highlights a novel role
for ZO-1 in modulating the tumor microenvironment and suggests that restoring ZO-1 function or
targeting its downstream effectors may represent promising strategies for limiting angiogenesis and
disease progression in ovarian cancer.

4. Materials and Methods

3.1. Cell Culture

Human ovarian cancer cell lines SKOV3 and OVCAR3 were obtained from the Korean Cell Line
Bank (KCLB, Seoul, Republic of Korea), and HUVECs were purchased from ATCC (Manassas, VA,
USA). SKOV3 and OVCARS cells were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin, and L-glutamine. HUVECs were cultured in M199
medium containing 20% FBS, 1% Antibiotic-Antimycotic (Gibco), and 1% endothelial cell growth
supplement (ECGS). All cells were maintained at 37 °C in a humidified incubator with 5% CO..

3.2. Western Blot Analysis

Proteins were extracted using PRO-PREP™ (iNtRON Biotechnology, Korea), separated by SDS-
PAGE on a Bolt™ 4-12% Bis-Tris gel (Invitrogen), and transferred onto nitrocellulose membranes.
Membranes were blocked in TBS-T containing 5% skim milk for 2 h at room temperature and
incubated overnight at 4 °C with primary antibodies: ZO-1 (1:1000, Invitrogen), IL-8 (1:1000, Abcam),
KLF5 (1:1000, Abclonal), and GAPDH (1:5000, Invitrogen). After washing, membranes were
incubated with HRP-conjugated secondary antibodies, and signals were detected using an ECL
detection kit.

3.3. Generation of ZO-1 Knockdown Cells

CRISPR-Cas9-mediated knockout of ZO-1 was performed using gRNA (5-
ACATACAGTGACGCTTCACA-3') designed via the online tool of Bioneer(Daejeon, Republic of
Korea). The gRNA was cloned into pRGEN-Cas9-CMV/T7-Hygro-EGFP and CRISPR/Cas9-Puro
plasmids (ToolGen, Seoul, Republic of Korea). SKOV3 and OVCARS3 cells were transfected and
selected with 100 pg/mL hygromycin for 48 h. After two weeks, individual clones were isolated using
cloning cylinders and validated by RT-PCR, qRT-PCR, and Western blotting.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.4. Tube Formation Assay

Matrigel (Corning, NY, USA) was added to 96-well plates and polymerized at 37 °C for 1 h.
HUVECs were suspended in 100 pL of conditioned media (CM) and seeded onto the Matrigel. After
6-8 h incubation, tube structures were imaged under a fluorescence microscope, and total tube
numbers, meshes, and segments were quantified.

3.5. Matrigel Plug Assay

Matrigel was thawed overnight at 4 °C before use. SKOV3 and ZO-1 KO SKOV3 cells (1 x 10°)
were mixed with 250 puL of Matrigel and 50 uL of medium (total 300 pL) and then injected
subcutaneously into the flanks of 6-8-week-old BALB/c nude mice (n =5 per group). After 14 days,
mice were sacrificed, and plugs were fixed in 4% paraformaldehyde, paraffin-embedded, and
sectioned for histological analysis.

3.6. Collection of Conditioned Media

SKOV3, OVCAR3, and their respective ZO-1 KO cells were cultured in 6-well plates. Upon
confluency, cells were incubated in serum-free medium for 4-6 h, followed by replacement with
medium containing 10% FBS. Conditioned media were collected 24 h later, centrifuged to remove
debris, and used for downstream assays.

3.7. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen), and cDNA was synthesized using
a reverse transcription kit (Bioneer, Daejeon, Republic of Korea). qRT-PCR was conducted using TB
Green Premix Taq (Takara, Japan) on a QuantStudio 3 system (Thermo Fisher Scientific). Relative
expression was calculated by the 2"~AACt method and normalized to GAPDH. The primer sequences
for CXCL8 genes are as follows: CXCLS8 sense, 5'-CAG TTT TGC CAA GGA GTG CT-3'; antisense, 5'-
ACT TCT CCA CAA CCC TCT GC -3; KLF5 sense, 5'- ATT TAA AAG CTC ACC TGA GGA C -3}
antisense, 5'-CTG GTG CCT CIT CAT ATG C-3. GAPDH was used as a control (sense primer, 5'-
CAA TGA CCC CTT CAT TGA CC -3'; antisense primer, 5- GAC AAG CTT CCC GTT CTC AG -3").

3.8. Hematoxylin and Eosin (H&E) Staining

Paraffin-embedded sections were deparaffinized in xylene, rehydrated through graded ethanol,
and stained with hematoxylin (3-5 min) and eosin (1 min). Slides were dehydrated, cleared in xylene,
and mounted using synthetic mounting medium before microscopic evaluation.

3.9. mRNA Sequencing and Analysis

Transcriptomic profiling was performed by Ebiogen Inc. (Seoul, Republic of Korea). Total RNA
from SKOV3, ZO-1 KO SKOV3, OVCAR3, and ZO-1 KO OVCARS3 cells was subjected to next-
generation sequencing. Differentially expressed genes (DEGs) were identified, and cluster analysis
and visualization were conducted using EXDEGA software (v5.1.1.4, Ebiogen).

3.10. Statistical Analysis

Allin vitro experiments were performed in triplicate. Statistical significance was evaluated using
Student’s t-test in GraphPad Prism 8.0.2 (GraphPad Software, USA). Data are presented as mean +
SD, and p-values were considered significant as follows: p <0.05, p <0.01, and p <0.001.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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