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ABSTRACT

This study aims to utilize multiomics and bioinformatics techniques to investigate the expression of the connection enzyme
inhibitor Ras1 1 (CNKSR1) in ovarian cancer (OC) and its mechanism of action in the processes of tumor proliferation, invasion,
and metastasis. Transcriptome sequencing was performed on paired cancerous and normal ovarian tissues from three OC patients.
Differentially expressed genes (DEGs) mRNAs were analyzed using “limma”, and key DEGs were identified through LASSO and
random forest (RF) methods. CNKSRI expression in OC tissues was assessed via quantitative reverse transcription polymerase
chain reaction (QRT-PCR), Western blot, and immunohistochemistry. Gene Ontology (GO) enrichment analysis was conducted
utilizing the Database for Annotation, Visualization, and Integrated Discovery (DAVID), and CancerSEA was employed to assess
the functional status of CNKSR1 in OC. Also, the proliferation of cells, their invasion, and migration were evaluated. ChEA3 and
hTFtarget were used to identify potential transcription factors targeting CNKSRI. The predicted factors were validated by Western
blot analysis in OC cells overexpressing CNKSRI or in OC cells with the CNKSR1 knockdown. Compared to normal tissues, 78
genes were downregulated, and 101 were upregulated in OC. LASSO and RF analyses identified CNKSRI as a vital gene positively
correlated with the progression of OC, which was then experimentally validated. CNKSRI upregulation promoted the OC cells’
proliferation, their invasion, and migration, while its silencing inhibited these processes. Analysis of the ChEA3 and hTFtarget
databases, as well as Western blot analysis, suggested that CNKSRI may drive epithelial-mesenchymal transition (EMT) by
upregulating snail and ZEB1 expression. CNKSRI serves a significant role in promoting the growth and progression of OC. It
enhances OC cells’ metastatic and invasive abilities by regulating the EMT mediated by the transcription factors Snail and ZEB1.

| Introduction

Ovarian cancer (OC) is among the deadliest female reproductive
system malignancies, with a worldwide prevalence rate of 1.6%
and a mortality rate of 5.8% (Stewart, Ralyea and Lockwood,
2019; Sung et al., 2021). Despite significant advances in surgery,
chemotherapy, and molecular-targeted therapies over the past
two decades, survival rates of patients with advanced OC remain
low (Lheureux, Braunstein and Oza, 2019; Lee, Minasian and

Kohn, 2019). Studies have shown that molecular-targeted ther-
apies, like Programmed Cell Death Protein 1 (PD-1) inhibitors
and Epidermal Growth Factor Receptor (EGFR)-targeting drugs,
are only effective in certain patients (Glaysher et al., 2013; Fan,
Reader and Roque, 2018; Han, Liu and Li, 2020). Additionally,
although molecular-targeted drugs such as gefitinib, dasatinib,
and erlotinib have shown improved clinical outcomes when used
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in combination with chemotherapeutic agents, they are associ-
ated with high costs and implementation difficulties (Thibault
and Jean-Claude, 2017; Li et al., 2023b). Therefore, identifying
new biomarkers to enhance diagnostic accuracy and improve
survival rates in OC patients has become a pressing public
health issue.

CNKSRI1 proteins, also known as Connector Enhancer of KSR1
(CNK1), are evolutionarily conserved scaffolds that regulate
various signaling pathways (Fritz and Radziwill, 2011). Nu-
merous studies have indicated that the CNKSRI gene and its
encoded protein are significantly elevated in tumors such as lung
adenocarcinoma and pancreatic cancer, where CNKSRI assumes
a critical function in malignant cell signaling, multiplication, and
invasion, thereby promoting tumor development (Fritz and
Radziwill, 2010; Fritz, Varga and Radziwill, 2010; Quadri et al.,
2017; Cai and Peng, 2024).

Research has shown that the knockdown of CNKSR1 expression
can inhibit proliferation in breast cancer and human embryonic
kidney cells, while overexpression of CNKSRI stimulates pro-
liferation in these cells (Fritz, Varga, and Radziwill, 2010). A
study by Quadri et al. reported high CNKSRI expression in
pancreatic cancer cells, which positively correlated with a poor
prognosis (Quadri et al., 2017). Studies have also found that
CNKSR1 mRNA expression levels negatively correlate with ex-
pression of PD-L1 mRNA expression and infiltration of immune
cells in lung adenocarcinoma (Cai and Peng, 2024). Fritz et al.
demonstrated that CNKSRI knockdown reduces the invasive
capabilities of breast and cervical cancer cells (Fritz and Rad-
ziwill, 2010). A recent study also showed that CNKSR1 served as
a regulatory element in the adaptive resistance to MEK sup-
pression, facilitating crosstalk with AKT signaling through its
scaffolding role for the phosphorylated variant of AKT (Li et al.,
2023a). While all these findings reveal the critical role of CNKSRI
in signaling, invasion, and propagation of malignant cells, the
expression level and regulatory mechanisms of CNKSRI in OC
remain uncertain. To date, the expression status and functional
relevance of CNKSR1 in OC have not been elucidated, which
motivated the present study.

The objective of this study is to (1) characterize CNKSRI ex-
pression in OC tissues and cell lines; (2) assess its effects on OC
cell proliferation, migration, and invasion; and (3) dissect the
molecular mechanism by which CNKSRI regulates OC metas-
tasis, with a focus on the epithelial-mesenchymal transition
(EMT) pathway.

2 | Materials and Methods

2.1 | Cell Cultures and Reagents

The study’s reagents were sourced from Millipore Sigma situated
in St. Louis, MO, USA, if not otherwise specified.

The human OC cell lines A2780, OVCAR3, SKOV3, and Hey,
along with the human typical ovarian cell line IOSE80, were
acquired from Cas9X located in Suzhou, Jiangsu, China. The
cells were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Hyclone) supplemented with 10% fetal bovine serum (FBS,
Gibco), 100 U/mL penicillin, and 100 ug/mL streptomycin,
controlled at 37°C and 5% CO,.

2.2 | Lentivirus Production and Transfection

The CNKSRI overexpression plasmid (plenti-CNKSR1), empty
vector (plenti-Negative), CNKSR1 small hairpin RNA
(shRNA) plasmid (pLKO-shCNKSR1), shRNA empty vector
(shCNKSR1-Negative), and lentiviral vectors were obtained
from Sangon Biotech (Shanghai, China). CNKSRI over-
expression in the OC cell line SKOV3 was achieved by len-
tiviral packaging and transfection. Initially, HEK293T cells
were used for lentivirus packaging and co-transfected with
three plasmids: the target expression plasmid (pLKO-
shCNKSR1 or plenti-CNKSR1), packaging plasmid (psPAX2),
and envelope plasmid (pMD2.G) at a 4:3:1 ratio. The cells were
transfected utilizing Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). Following transfecting for
24 h, fresh antibiotic-free medium was used as a substitute for
the culture medium. The virus-containing supernatant was
harvested 48 and 72h after the transfection, and a 0.45um
membrane was used to filter it to eradicate cellular particles.
The filtered viral supernatant was then used to infect target
cells, which were typically at 30%-50% confluency at the time
of infection. Addition of Polybrene (4 ug/mL) was performed
to bolster infection efficacy. Following an incubation period of
12 to 24 h, fresh culture medium was introduced to replace the
existing medium, and fluorescent microscopy was used to
screen for positive cells 48 h postinfection. For negative
control, a blank vector was employed; sh-CNKSR1 was used to
suppress CNKSRI expression, with an empty shRNA vector
serving as the negative control. Preliminary dose-escalation
experiments confirmed that 1 mg/mL G418 effectively elimi-
nated untransfected SKOV3 cells within 2 weeks, ensuring
selection of stably transfected clones. G418 (1 mg/mL) was
applied for the selection of the stably transfected cells,
a process that took two weeks.

The primer sequences for CNKSR1 are shown in Supporting
Table 1.

The shRNA primers for CNKSR1 are shown in Supporting
Table 2.

2.3 | Patient Tissue Samples

The patients included were actively recruited for this study.
The first review of the patients’ hospital records was con-
ducted on January 1, 2024. From January 5, 2024, to De-
cember 25, 2024, 26 pairs of paraffin-integrated samples of
OC tissue and the contralateral normal ovarian tissue were
collected from Jiaxing MCH. None of the selected patients
had undergone any radiotherapy, chemotherapy, or any
specialized therapy prior to surgery. The classification of
tumor differentiation was tested according to the In-
ternational Federation of Gynaecology and Obstetrics
(FIGO) staging method classification standards. Every pa-
tient was staged in line with the 9'" edition of the Union
International Cancer Control (UICC) Tumor-Node-
Metastasis (TNM) SYSTEM OF staging.

Following Helsinki’s Pronouncement, the researcher gathered
informed consent from all patients whose tissues were used in
this study. Jiaxing MCH’s Ethics Committee of Jiaxing approved
the study (Acceptance Number: KY-2023-230).
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2.4 | Quantitative Reverse Transcription
Polymerase Chain Reaction (QRT-PCR)

TRIzol reagent (Invitrogen, Camarillo, CA, USA) was used to extract
the total RNA, and the PrimeScript kit (TaKaRa, Dalian, China) was
utilized to obtain the corresponding DNA (cDNA). SYBR Green-
based qRT-PCR amplification of cDNA was conducted through
a Bio-Rad CFX 96 actual-time PCR arrangement. The reaction
outcomes were characterized as initial denaturation at 95°C (305s),
then 40 rotations at 95°C (5), 55°C (30), and 72°C (30 s). -actin was
applied as an internal control for mRNA quantification, and the
2744% formula was used to evaluate CNKSR1’s relative expression.

The primers for CNKSR1 and fp-actin are shown in Supporting
Table 3.

2.5 | Immunohistochemistry (IHC)

The paraffin-implanted, formalin-anchored ovarian tissue and
dewaxing and rehydration were performed on the contralateral
normal OC tissue segments. Activity involving endogenous
peroxidase was inhibited by incubating the segments with 3%
H,0, (for 30 min). For antigen retrieval, citrate buffer (pH = 6)
was applied to pretreated the section which was accomplished
using pressure cooker-mediated heating for 30 min, then in-
cubated overnight (at 4°C) using rabbit polyclonal anti-CNKSR1
antibody (1:100 dilution, Thermo Fisher Scientific, Waltham,
MA, USA). Subsequently, following the washing process, the
sections were incubated with a secondary antibody (1:4000 di-
lution, Abcam, Cambridge, UK) over 1 h and then stained with
3,3’-diaminobenzidine tetrahydrochloride. Hematoxylin was
employed to counterstain the sections, while a microscope was
applied for observation. The results were recorded and analyzed
for antigen expression using ImageJ. IHC staining was performed
on all 26 pairs of samples, and representative images from six
randomly selected pairs are shown in Figure 1(d). RS scoring:
intensity (0-3) X positive cell percentage (0-4), total score (0-12)
for quantifying THC results.

2.6 | Western Blot

Utilizing RIPA lysis buffer, all proteins were obtained from OC cells,
and the BCA assay was used to measure the quantity of protein. 8%
SDS-PAGE gels for ZEB1 and E-cadherin and 12% gels for f-actin
were used to load 40 ug of protein and moved to membranes of
polyvinylidene difluoride (PVDF). Following blockage of non-
specific binding with 2% bovine serum albumin, an overnight in-
cubation of the membranes at 4°C was conducted with the main
antibodies outlined as E-cadherin (1:1000, rabbit anti-E-cadherin,
anti-CNKSR1 (1:1000), Abcam, Cambridge, UK), g-catenin (1:2000,
rabbit anti-N-cadherin, Abcam, Cambridge, UK), N-cadherin (1:
2000, rabbit anti-Vimentin, Abcam, Cambridge, UK), Vimentin (1:
2000, rabbit anti-Vimentin, Abcam, Cambridge, UK), Snail (1:1000,
rabbit anti-zebl, Abcam, Cambridge, UK), ZEB1 (1:1000, rabbit
anti-zebl, Abcam, Cambridge, UK), and $-actin (1:4000, mouse anti-
p-actin, TransGene, Beijing, China). Following the washing with
Tris-buffered saline with Tween 20, incubation was done on the
membranes using a secondary antibody (1:4000, Abcam, Cam-
bridge, UK) at room temperature (1h). Moreover, the enhanced
chemiluminescence (ECL) kit helped in the visualization. Protein
expression levels were quantified using ImageJ software and nor-
malized to f-actin.

2.7 | CCK-8 Assay

The CCK-8 assay involved the collection of transfected SKOV3
cells, which were subsequently prepared as a cell suspension at
a volume of 2 x 10* cells/mL. The suspension of the cell (100 xL
per well) was introduced into 96-well plates. At 0, 24, 48 h, 10 uL.
of CCK-8 reagent (Beyotime Biotechnology, Shanghai, China)
was integrated into each well (6 replicates per group). The ab-
sorbance at 450 nm was calculated following a 2 h incubation at
37°C to evaluate cell proliferation.

2.8 | EdU Assay

Following the instructions of the assay kit’s EAU cell propagation,
Thermo Fisher Scientific (Shanghai, China), cells were seeded in
a 24-well plate and allowed to adhere for 24 h. Following was the
addition of 300 xL of culture medium containing 1 x EdU into all
wells, and 2h of incubation of the cells was conducted. The
medium was disposed, and a 50 min washing of cells in PBS was
carried out twice. This was followed by the addition of 150 uL of 4%
paraformaldehyde into the wells to fix the cells and incubate the
cells at room temperature in 30 min. With the fixative removed,
150 uL of glycine (2 mg/mL) was placed into each well, and after
that, the wells were incubated over a shaker during 5 min in order
to neutralize the excess amount of paraformaldehyde. The solution
of glycine was removed and the wells were washed with 0.5M PBS
5 min later, 300 uL of 0.5% Triton X-100 permeabilization solution
was added in each well and left at room temperature for 10 min.
After the surface was washed with PBS (5 min) at the end of the
permeabilization solution using PBS, the 100uL of prepared
staining reaction solution was placed in each of the wells and it
covered the cells. The plate was left to incubate in the dark and at
room temperature in 30 min. The staining reaction solution was
disposed, and 2 or 3 times of the cells were washed with 0.5%
permeabilization solution of Triton X-100. The permeabilization
solution and twice washing in 5 mL of PBS followed, 3000L of 1x
Hoechst staining solution was added to each well, and the samples
were incubated in the dark at room temperature (20-30 min). The
staining solution was finally disposed of and the cells were washed
twice using 300 4L of PBS. Images were then captured immediately
using a fluorescence microscope (DMi8, Leica, Germany) at 400x
magnification.

2.9 | Wound Healing Assay

Cells that were transfected were plated in 6-well plates at
a density of 1x10°cells per well and allowed to incubate
overnight. A scratch was created in the cell monolayer using
a sterile 200 uL pipette tip, followed by two washes with PBS.
Subsequently, cells were cultured for a duration of 24 h in a se-
rum-free medium. Under microscopic observation, the wound
closure area was examined, and images were taken at 50x
magnification at both 0 and 24 h to assess the distance of mi-
gration. Wound width was measured at three random positions
per well using ImageJ, and wound closure rate was calculated as
(initial width-24 h width)/initial width X 100%.

2.10 | Transwell Migration and Invasion Assays

2.10.1 | Migration Assay

SKOV3 cells were harvested and gathered as a suspension of
serum-free cells at a concentration of 1 x 10° cells/mL. The cell
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Differential expression of CNKSR1 in ovarian cancer (OC) tissues. (a) The difference in CNKSR1 mRNA levels in OC cancer tissues and

contralateral normal ovarian tissues was detected by RT-PCR. (b, ¢) The difference in CNKSR1 protein expression between ovarian cancer tissue and
contralateral normal ovarian tissue was analyzed by Western blot. “T” stands for OC tissues; “N” stands for normal tissues. (d) The variance in CNKSRI
expression among ovarian cancer tissues and contralateral normal ovarian tissues was detected by immunohistochemistry using an anti-CNKSRI
antibody (x 200). (¢) Comparison of the CNKSRI protein levels in two groups, “**p < 0.001.

suspension (100 uL) was inserted into the upper chamber of
a Transwell insert. This lower chamber had 500 L of 20% serum
medium. The 48 h of incubation was followed by the fixation of
cells using formaldehyde and staining with 0.1% crystal violet,
washing cells (3 times) with PBS, and image acquisition.

2.10.2 | Invasion Assay

Treated SKOV3 cells were taken and made as a serum-free cell
suspension with a concentration of 1 x 10° cells/mL. One hundred
and 50 uL of a cell suspension was put in the top chamber of
a Transwell insert which was covered with 1:8 Matrigel, M&G

Biotechnology (Xiamen, China), to mimic the extracellular matrix
density in vivo, as validated in preliminary experiments. A lower
chamber held 500 4L of medium which had 20% serum. Following
48h of incubation, cells were fixed using formaldehyde, stained
using 0.1% crystal violet, washed thrice with PBS, and imaged.

211 | Transcriptomic Sequencing and
Bioinformatics Analysis

Overall RNA was obtained from the cancerous and contralateral
normal ovarian tissues by an RNA extraction cassette (Promag,
Shanghai, China). The extracted RNA samples were sent to
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Genewiz (Suzhou, China) for transcriptomic sequencing. Total
RNA integrity was verified using an Agilent 2100 Bioanalyzer,
with RIN > 7.0 required for sequencing. Sequencing platform is
Ilumina NovaSeq 6000 and sequencing depth is 150 bp paired-
end reads, ~6 Gb per sample. The differential gene analysis on
the transcriptomic data were performed applying the R package
“limma” to determine differentially expressed genes (DEGS).
Two machine learning algorithms, LASSO and random forests
(RFs), were applied to filter the DEGs. LASSO regression was
performed with 2 selected via 10-fold cross-validation, RFs were
run with 1000 trees and ntree = 1000. Enrichment analysis and
transcription factor predictions for the CNKSRI gene were
performed through the STRING database (https://cn.string-db.
org/). DAVID was employed for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of the
genes (p < 0.05, Count > 2). Additionally, two online databases,
ChEA3 (https://maayanlab.cloud/chea3/) and hTFtarget
(https://bioinfo.life.hust.edu.cn/hTFtarget#!/) were employed to
anticipate transcription factors targeting the CNKSRI gene.

2.12 | Statistical Analysis

Differential expression analysis of DEGs was performed using R
software (v4.4.1) with the ‘limma’ package; statistical analysis of cell
experiments and clinical samples was conducted using GraphPad
Prism 8. Typically, disseminated continuous data were presented as
the mean =+ standard deviation (x £ s). Paired sample t-tests were
employed for relating the two groups, while one-way analysis of
variance (ANOVA) was adopted for comparing various groups. For
non-normally distributed or inhomogeneous variance data, the
median and interquartile ranges were reported. Comparisons be-
tween two groups were conducted using the Wilcoxon rank-sum
test (Mann-Whitney U test), and multiple group comparisons
(between overexpression, knockdown, and control groups) were
performed through the Kruskal-Wallis rank-sum test (KW test).
One-way ANOVA followed by Bonferroni’s post hoc test. Non-
normally distributed data are presented as medians (interquartile
range, IQR). All tests were two-tailed, and p < 0.05 was considered
statistically significant.

3 | Results

3.1 | Baseline Patient Information

As Table 1 illustrates, the average age of OC patients was 52 years
(ranging between 34 and 65 years). Based on the results of histo-
logical assessment, 57.7% of patients were diagnosed with serous
OC, 23.1% with mucinous OC, and 19.2% had other types of OC,
such as high-grade slurries, severe endometrioid lesions, and all
undifferentiated and malignant mixed mesodermal tumors. Most
patients (84.6%) were diagnosed as the late stage (FIGO III 4 IV).

3.2 | Identification of Key Differential Gene
CNKSRI1

The differential analysis of the transcriptomic data identified 78
genes that were downregulated and 101 genes that were upre-
gulated in OC compared to the normal tissues. The top 10 DEGs
included CNKSR1, CT45A5, ALDHIA3, COLIAI, TIMP3,
KCNS3, IGHV3-72, GPC4, IGLV3-27, and PAICS (Figure 2(a)).
Subsequently, two machine learning algorithms, LASSO and
RFs, were applied to screen the 179 DEGs. The LASSO algorithm

TABLE 1 | Baseline information.

Characteristics No. patients (%)

Age at surgery (years)

<476 11 (42.3)
>47.6 15 (57.7)
Histological
Serous 15 (57.7)
Mucinous 6(23.1)
Others 5(19.2)
Histological grade
Gl 3 (11.5)
G2 14 (53.8)
G3 9 (34.6)
FIGO stage
I 4 (15.4)
II 3 (11.5)
I+ IV 19 (73.1)
TNM stage
T1-T2 8
T3-T4 18
NO 10
N1 16
MO 22
M1 4

identified four key genes (Figure 2(b)), and the RF algorithm
identified the top 40 most important genes (mean decrease
accuracy > 1) (Figure 2(c)). By intersecting the 179 significant
DEGs with the four key genes identified by the two algorithms,
CNKSRI1 was ultimately identified as a key DEG (Figure 2(d)).

3.3 | CNKSRI1 in OC Tissues

To examine the differential manifestation of CNKSRI in OC
tissues, qRT-PCR was conducted on 26 pairs of OC and con-
tralateral normal ovarian tissues. The outcomes indicated that
expression of CNKSRI mRNA in OC tissues was considerably
greater than that in contralateral normal ovarian tissues
(p < 0.001) (Figure 1(a)). Additionally, Western blot and THC
were conducted to detect the protein expression of CNKSRI in 6
pairs of OC and contralateral normal ovarian tissues. The out-
comes of the Western blot analysis (Figures 1(b) and 1(c))
showed that the protein expression of CNKSR1 in OC tissues was
significantly higher than that in contralateral normal ovarian
tissues (1.12+0.15:1,p < 0.001). These results were further
confirmed by IHC with an anti-CNKSRI antibody (Figures 1(d)
and 1(e)). However, the expression of CNKSRI was not found to
be related to patient age.

3.4 | Expression of CNKSR1 in OC Cell Lines

CNKSR1 mRNA and protein expression levels were assessed in
OC cell lines (A2780, OVCAR3, SKOV3, and Hey) and human
normal ovarian epithelial cells (ISOE80) by qRT-PCR and
Western blot, respectively. The outcomes exhibited that CNKSR1
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mRNA was significantly upregulated in OC cell lines compared
with normal ovarian epithelial cells (ISOE80). Specifically, in
SKOV3, A2780, and Hey cells, CNKSR1 mRNA expression levels
were elevated, with SKOV3 showing the highest increase. In
contrast, OVCAR3 cells exhibited a lower CNKSR1 expression
level (Figures 3(a), 3(b), 3(c)). This discrepancy may reflect
subtype-specific expression of CNKSR1, which indicates that the
therapeutic effect of CNKSR1-targeted therapy may vary based on
different subtypes of OC. Subsequently, the SKOV3 cell line was
selected for cellular experiments.

3.5 | Correlation of CNKSR1 With Proliferation,
Migration, and Distant Metastasis of OC

To investigate the biological significances and signaling trajec-
tories potentially associated with the CNKSR1 gene, the STRING
database was used to identify 50 proteins co-expressed with
CNKSRI1, and a PIP network was constructed (Figure 4(a)). The

DAVID was adopted to conduct enrichment examination on
these 50 genes. GO analysis indicated that CNKSRI expression
might be associated with cell migration-related functions
(Figure 4(b)). Subsequently, the functional state of CNKSRI in
OC was explored using the CancerSEA database. The results
demonstrated that CNKSRI mRNA expression was positively
interconnected with OC differentiation, angiogenesis, and me-
tastasis and negatively connected with DNA repair, cell cycle,
and DNA damage (Figures 4(c) and 4(d)).

3.6 | CNKSRI1 Accelerates OC Cell Migration and
Invasion

The expression of CNKSRI in SKOV3 cells was reduced by
transfecting the cells with shRNA. The highest knockdown ef-
ficiency was observed in cells transfected with sh-CNKSRI-1
(p < 0.001) (Figure 5(a)). Significant CNKSRI overexpression
in SKOV3 cells was achieved by transfecting the cells with the
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Differential analysis. (a) Expression heatmap of the top 10 most significantly differentially expressed genes; (b) LASSO regression model

identified key differential genes in ovarian cancer (OC); (c) random forest (RF) screening model identified key differential genes in OC; and (d) venn

diagram of intersection genes between the LASSO regression and RF models and differentially expressed genes (DEGs).

plenti-CNKSRI and OV-CNKSRI-1 (p < 0.001) (Figure 5(b)).
Functional assays were then conducted. As indicated by the
CCKS8 assay, CNKSRI knockdown significantly inhibited the
proliferation of OC cells, whereas overexpression of CNKSR1 was
associated with markedly increased proliferation (p < 0.001)
(Figure 5(c)). Similarly, compared with the control, the per-
centage of EdU-positive proliferating cells in the CNKSRI
knockdown group was significantly lowered. At the same time,
the overexpression of CNKSRI led to a significantly higher
percentage of EdU-positive cells (Figures 5(d), 5(e), 5(f)).

The wound healing assay further confirmed that CNKSRI
knockdown substantially inhibited the migration of OC cells,
while overexpression of CNKSRI markedly enhanced the

migration (Figure 5(g)). The Transwell assays confirmed that
CNKSR1 knockdown suppressed OC cell migration and invasion,
whereas the overexpression of CNKSRI significantly promoted
these abilities. Collectively, these findings suggest that the
overexpression of CNKSRI1 enhances the proliferation, migra-
tion, and invasion of OC cells, while CNKSRI knockdown re-
verses these effects (Figures 6(a), 6(b), 6(c), 6(d), 6(e), 6(f)).

3.7 | CNKSRI1 Induces EMT by Regulating
Transcription Factors Snail/ZEB1

ChEA3 and hTFtarget databases were used to predict tran-
scription factors associated with CNKSRI mRNA. The analysis
identifies 14 transcription factors that may be potentially

International Journal of Genomics, 2026

7 of 15



=
<Zﬂ KDa §
% 5
o
= 107 CNKSR1| # MR % S W | 30 =
2] N9 ~
= M o
%E 8= ook % S
5 5
55 6o Prctin | QD WD GHD G @D 2 C© -
g 5 ook % 5
9 7 Kkk - o
23 8 J 2 2 3
o 5 o < B g
o 2= — > 1 =
o~ (@) o~
I I
o (9]
= S o © o0 > = S o 0 o >
—_— 0 0 o~ 5] — Q < a4 > ]
& 2 8 5 é < & 98 sg*E
9 < > wn 9 < > @«
© o
@) (b) ©

FIGURE3 |

The expression of CNKSRI in OC cell lines. (a) Analysis of CNKSR1 mRNA expression by RT-PCR in OC and normal ovarian tissue cell

lines. (b, c) Differential protein expression of CNKSRI in ovarian cancer tissues and adjacent tissues was detected by Western blot; ns: p > 0.05,

*p < 0.01, ***p < 0.001.

involved in CNKSRI regulation (Figure 7(b)), including ZEBI,
SPI1, NR2C2, TEAD4, TFAP2A, GATA3, YY1, CTCF, THAPI,
GABPA, FOS, MAZ, ZBTB7A, and TCF7L2 (Figure 7(a)). Since
EMT is a key mechanism in cell migration and invasion, the
impact of CNKSRI on EMT progression was further explored.

Western blot analysis was performed to detect the expression of
epithelial markers (E-cadherin and p-catenin), mesenchymal
markers (N-cadherin and Vimentin), and EMT transcription
factors (Snail and ZEBI) in SKOV3 cells. The results showed that
the overexpression of CNKSRI in SKOV3 cells increased the
expression of N-cadherin, Vimentin, Snail, and ZEB1, while

,mwsw
BRCA < A MAP3K11

downregulating E-cadherin and f-catenin. In contrast, CNKSRI
knockdown in SKOV3 cells upregulated the expression of E-
cadherin and p-catenin, and downregulated the expression of N-
cadherin, Vimentin, Snail, and ZEB1 (Figures 7(c) and 7(d)).

4 | Discussion

This study employed bioinformatics analysis, machine learning,
and molecular biology methods to identify CNKSR1 as a protein
extremely conveyed in OC tissues, playing a role in the pro-
liferation, migration, and invasion of OC cells. The outcomes
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suggest that CNKSRI may induce the invasion and metastasis of
OC cells by controlling the expression of EMT-related proteins
Snail and ZEB1. Consistent with Quadri et al. (2017), who re-
ported CNKSRI as a poor prognostic marker in pancreatic
cancer, our study demonstrates that CNKSRI is overexpressed in
OC and promotes tumor progression. However, we are the first to
identify that this pro-tumor effect in OC is mediated by the Snail/
ZEBI-dependent EMT pathway, expanding our understanding of
CNKSRI1’s oncogenic mechanisms across different cancer types.

These results confirm previous studies that identified CNKSR1 as
a potential tumor biomarker, with elevated mRNA levels ob-
served in pancreatic, lung, and breast cancers [1-4]. Further-
more, CNKSR1 was shown to be significantly upregulated in
colorectal cancer cells. Its inhibition suppressed the growth of
KRAS-mutant colon cancer cells and disrupted the Raf/MEK/
extracellular signal-regulated kinase (ERK), Rho, and RalA/B
signaling pathways [1, 3]. Quadri et al. [2] analyzed 120

pancreatic tissue samples and found that CNKSRI was highly
portrayed in pancreatic cancer cells, and its high expression
interrelated with poorer tumor differentiation. Similarly, Lee
et al. [5] demonstrated that, compared with normal tissues and
BRAFV600E-negative thyroid cancers, Kinase Suppressor of
RAS1 (KSR1) and CNKSR1 were significantly upregulated in
thyroid cancer tissues, BRAFV600E-positive thyroid cancers, and
metastatic lymph node tissues, which was associated with en-
hanced Notch signaling. Together with the current study, these
findings indicate that CNKSR1 may serve a crucial role in the
development and progression of tumors, promoting its capacity
as a new biomarker for OC.

CNKSR1 has been linked to cell proliferation, migration, in-
vasion, and tumorigenesis (Fritz, Varga, and Radziwill, 2010;
Cho et al., 2014; Fischer et al., 2017). In breast cancer cells, the
overexpression of CNKSRI1 promotes cell proliferation. This
process depends on the phosphatidylinositol 3-kinase (PI3K)
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pathway, as the inhibition of PI3K by LY294002 abrogates
CNKSRI-induced proliferation [6]. Fischer et al. [7] also found
that the overexpression of CNKSRI enhances cell proliferation
and migration. CNKSRI links the activation of Ephrin B1 to the
activation of C-Jun N-terminal kinase (JNK) via small GTPases,
promoting cell migration. However, knocking down CNKSRI
blocks EphrinBl-mediated cell migration and JNK activation [1].
Fritz and Radziwill [8] reported that the knockdown of CNKSR1
reduces the invasion of breast and cervical cancer cells, a process
closely related to decreased expression of matrix
metalloproteinase-9 (MMP-9) and membrane-type 1 MMP (MT1-
MMP). They showed that overexpression of CNKSRI enhances
MT1-MMP promoter activity in an NF-xB-dependent manner,
promoting invasion. CNKSR1 was also shown to interfere with
the processing of NF-xB p100 to p52, affecting its proper nuclear
localization and thereby inhibiting tumor cell invasion [9]. The
expression of CNKSRI is related to the nuclear phosphorylation
of ERK, suggesting that CNKSR1 may affect the progression of
pancreatic cancer by regulating related signal pathways (13). The
study also found that the expression level of CNKSRI mRNA is
negatively correlated with the expression of PD-L1 mRNA and
immune cell infiltration in lung adenocarcinoma (14). A recent
study also shows that CNKSR1 promotes the crosstalk of AKT
signals through the scaffold function of phosphorylated AKT,
thus playing a regulatory role in the adaptive resistance to MEK
inhibition [10]. However, the biological role of CNKSRI in OC
has not been reported. This study provides multiple lines of
evidence confirming that CNKSRI is highly expressed in OC
tissues and cells and overexpression of CNKSR1 enhances pro-
liferation, migration, and invasion of OC cells. At the same time,
knockdown can reverse these effects, suggesting that CNKSR1
acts as an oncogene in OC.

This study detected a variability in the CNKSR1 expression in
different OC cell lines. OC is a heterogeneous disease with
several histologic subtypes, such as serous, endometrioid, mu-
cinous, and clear cell carcinomas, with unique genetic and bi-
ological features and different clinical outcomes [11, 12]. In
addition to various subtypes of OC, intratumoral heterogeneity,
characterized by different cell populations within a lesion, has
also been linked to the differences in the progression and ulti-
mate lethality of OC [13]. In this study, SKOV3, which is a hu-
man ovarian adenocarcinoma cell line and a representative of the
mesenchymal subtype, showed the highest expression of
CNKSRI1. In contrast, OVCAR3 cells, which represent an epi-
thelial subtype, exhibited a lower expression level of CNKSRI.
This subtype-specific expression of CNKSRI, observed in the
study, may have clinical significance, as it suggests that the effect
of CNKSRI1-targeted therapy may vary across different subtypes
of OC. The mesenchymal subtype of OC may be more sensitive to
CNKSRI-targeted treatment due to higher expression of the
target molecule. In contrast, the sensitivity of the epithelial
subtype of OC may be lower due to the lower expression of
CNKSRI1. Future studies of the heterogeneity between major
histological types of OC may allow for a transition from a single
therapeutic approach to a precise targeting of subtype-specific
characteristics.

The results of this study also showed that CNKSRI may induce
OC invasion and metastasis by regulating transcription factors
Snail and ZEB1 to mediate EMT. Invasion and metastasis are
complex, multistep processes regulated by numerous genes,

involving various behaviors of tumor cells, including adhesion,
matrix degradation, migration, and angiogenesis, all of which are
influenced by the regulation of multiple genes [14, 15]. Although
many genes have been identified in tumorigenesis and metas-
tasis, the precise molecular mechanisms remain unclear. EMT is
a reversible developmental program exploited by cancer cells,
allowing them to transition from an epithelial phenotype with
apical-basal polarity and cell-cell adhesion to a more invasive
and motile mesenchymal state with a spindle-like morphology
[16, 17]. EMT not only enhances cellular motility and in-
vasiveness but is also associated with tumor cells acquiring stem
cell-like characteristics, increased therapeutic resistance, and
reduced immune response [16, 18, 19]. At the molecular level,
EMT involves various changes, including decreased epithelial
markers and increased mesenchymal markers. E-cadherin, a key
component of cell-cell adhesion, is a critical marker of EMT [20].
ZEBI, a key driver of EMT, also acts as a major suppressor of E-
cadherin. Snail, a member of the Snail family, inhibits the ex-
pression of E-cadherin [21]. In xenograft models, the knockdown
of E-cadherin significantly suppresses the malignant phenotype
and growth of mesenchymal OC cell lines [22, 23]. The over-
expression of CNKSRI may upregulate Snail and ZEBI, thereby
downregulating the expression of E-cadherin and promoting
EMT [24], which is further confirmed in this study. Our results
showed that in SKOV3 cells, knockdown of CNKSRI significantly
decreased the levels of N-cadherin, Vimentin, Snail, and ZEB1
while increasing the expression of E-cadherin and p-catenin.
Conversely, overexpression of CNKSRI significantly increased
the levels of N-cadherin, Vimentin, Snail, and ZEB1, while
downregulating the expression of E-cadherin and p-catenin.
These results suggest that CNKSRI1 may regulate the migration
and invasion of OC cells through the EMT mechanism mediated
by transcription factors Snail and ZEBI1.

Also, various limitations are reflected in this study. Firstly, the
limited sample size increases the risk of selection bias. More
research with a greater sample size is required to justify the
study’s findings, including various histological types. Sec-
ondly, this experiment lacks in vivo validation. It did not use
a xenograft model to confirm the role of CNKSRI in metas-
tasis. The expression of CNKSRI is not correlated with the
prognosis of patients, such as overall survival rate and
progression-free survival rate. Limited cell line usages, only
SKOV3, was used for functional assays—validate results in
other OC cell lines to confirm generality. In addition, in vivo
experiments have not yet evaluated the exact function and
molecular mechanism of CNKSRI activity in OC, which could
offer additional understanding into the role of CNKSRI in
tumor growth, metastasis, and the host immune response.
Future in vivo studies should focus on creating knockout
animal models to examine the changes in the biological role of
CNKSRI1 in tumor growth, metastasis, and angiogenesis, as
well as host immune response. Future studies with follow-up
data of patients may validate the clinical significance of the
results. No correlation between CNKSRI expression and pa-
tient prognosis (e.g., overall survival and progression-free
survival). Limited cell line usages, only SKOV3, was used
for functional assays—validate results in other OC cell lines to
confirm generality. Further research is needed to validate and
expand our observations and confirm the value of CNKSRI as
a potential therapeutic target for OC.
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CNKSRI1 is an oncogene that is significantly overexpressed in OC
tissues and cells. It promotes OC cell proliferation, migration,
and invasion by regulating the Snail/ZEBl-mediated EMT
pathway. These findings suggest that CNKSRI may serve as
a potential therapeutic target for OC, particularly in the mes-
enchymal subtype. However, further in vivo studies and large-
scale clinical validation are required to confirm its clinical utility.
In addition, the design of a targeted therapy against CNKSRI
might also be a challenge.
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