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Dissecting the Role of CKAP2L in Ovarian Cancer:
Insights Into Cellular Dynamics and Immune
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Background: Cytoskeleton-associated protein 2-like (CKAP2L) has been implicated in various malignancies, including ovarian
cancer. However, its role in modulating the immune microenvironment of ovarian cancer remains poorly understood. This study
aimed to investigate the role of CKAP2L in regulating ovarian cancer cell proliferation, migration, and apoptosis.

Methods: The impact of CKAP2L knockdown on ovarian cancer cells and the immune microenvironment was examined.
CKAP2L was silenced in ovarian cancer cell lines, and subsequent effects on proliferation, migration, and apoptosis were as-
sessed. Macrophage polarization differentiated from peripheral blood mononuclear cells (PBMCs) co-cultured with ovarian
cancer cells was evaluated. Expression of the adenosine A2A receptor (ADORA2A) in macrophages, and interleukin-13 (IL-175),
interleukin-10 (IL-10) and vascular endothelial growth factor (VEGF) levels in ovarian cancer cells, were analyzed using western
blotting and cytokine antibody arrays.

Results: CKAP2L knockdown significantly reduced proliferation and migration of ovarian cancer cell, while promoting apoptosis
(p < 0.01). Flow cytometry revealed that CKAP2L knockdown inhibited M2-type and promoted M1-type polarization of PBMC-
derived macrophages induced by ovarian cancer cells (p < 0.001). Furthermore, CKAP2L knockdown reduced ADORA2A
expression in macrophages, increased IL-17 secretion, and reduced IL-10, VEGF secretion by ovarian cancer cells (p < 0.01).
Conclusions: CKAP2L promotes ovarian cancer progression by enhancing proliferation and migration while suppressing apop-
tosis. It also regulates the immune microenvironment by influencing macrophage polarization and cytokine secretion. These
findings highlight the pivotal role of CKAP2L in the pathogenesis of ovarian cancer and support its potential as a therapeutic
target for regulating tumor growth and immune responses.
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Introduction patients relapsing within two years [5]. Poly (ADP-ribose)
polymerase (PARP) inhibitors, such as olaparib, have been
approved as maintenance therapy for advanced ovarian can-
cer following response to first-line chemotherapy [6]. Al-
though surgery and chemotherapy significantly improve pa-
tient survival, prognosis remains poor due to recurrence
and drug resistance. Recently, immune checkpoint block-
ade therapies have demonstrated significant clinical bene-
fits across multiple malignancies [7]. Increasing evidence
indicates that the immune microenvironment plays a cru-
cial role in the onset and progression of ovarian cancer [8].
Thus, understanding its interactions with ovarian cancer is
essential for identifying novel therapeutic targets for ovar-

Ovarian cancer, one of the most lethal gynecological
malignancies worldwide, arises from the epithelial cells of
the ovary [1]. In China, the annual incidence of ovarian
cancer is approximately 4.77 cases per 100,000 women,
with a mortality rate of about 2.88 cases per 100,000,
reflecting both high morbidity and mortality [2]. Hor-
monal imbalances, genetic predisposition, and environmen-
tal factors have been implicated in ovarian cancer devel-
opment [3]. Clinically, the disease often presents with
non-specific symptoms and is typically diagnosed at an ad-

vanced stage, leading to poor prognosis and frequent in-
traperitoneal metastasis [4]. Current treatment strategies
primarily rely on surgical resection, chemotherapy, and
targeted therapy. Traditional platinum- and taxane-based
chemotherapy shows limited efficacy, with nearly 70% of

ian cancer.

Cytoskeleton-associated protein 2-like (CKAP2L) is
a cytoskeleton-regulating protein primarily involved in mi-
crotubule organization [9]. It plays essential roles in bi-
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ological processes, including cell cycle regulation, migra-
tion, and division [10]. CKAP2L influences cell mor-
phology and function by regulating microtubule stability
and dynamics [11]. In lung cancer, CKAP2L interacts di-
rectly with RNA polymerase II to regulate transcriptional
elongation of key genes controlling the spindle assembly
checkpoint, chromosome segregation, cell cycle progres-
sion, and E2F signaling, thereby promoting non-small cell
lung cancer [9]. In breast cancer, CKAP2L is transcription-
ally regulated by forkhead box P3 (FOXP3), which acti-
vates the protein kinase B/mechanistic target of rapamycin
(AKT/mTOR) signaling pathway, promoting tumor de-
velopment [12]. Notably, mTOR inhibition may extend
healthy lifespan by mitigating inflammation associated with
viral infection and autoimmune disease [13]. In glioma,
CKAP2L has been identified as an independent risk fac-
tor, suppressing proliferation and invasion through down-
regulation of cell cycle-related proteins [14]. In ovarian
cancer, insulin-like growth factor 2 mRNA-binding protein
2 (IGF2BP2) upregulates CKAP2L expression in an moA-
dependent manner, enhancing proliferation, migration, and
invasion of ovarian cancer cells in vitro, while accelerating
tumor growth and metastasis in vivo [15]. However, limited
research exists about the role of CKAP2L in regulating the
immune microenvironment of ovarian cancer.

Our analysis using the Tumor Immune Estimation Re-
source (TIMER) database revealed that CKAP2L expres-
sion positively correlates with macrophage infiltration and
antigen presentation. Recent findings show that KIF20A
deficiency significantly inhibits the progression of ovarian
cancer through regulation of the phosphatase and tensin ho-
molog (PTEN) signaling pathway and suppression of M2
macrophage polarization [16], underscoring the key role of
macrophage polarization in the ovarian cancer microenvi-
ronment. Based on these observations, we hypothesized
that CKAP2L promotes ovarian cancer progression by driv-
ing tumor cell proliferation and inducing immunosuppres-
sion through ADORA2A-dependent M2 macrophage polar-
ization. In this study, we evaluated the role of CKAP2L
in regulating the proliferation, migration, and apoptosis of
ovarian cancer cell lines (OVCAR3 and Caov-3). Addition-
ally, we investigated to study the effects and mechanisms
of CKAP2L on the immune phenotype transformation from
M1 to M2 of PBMC-derived macrophages induced by ovar-
ian cancer cells.

Materials and Methods

Cell Culture

The human ovarian cancer cell lines OVCAR3 (HTB-
161) and Caov-3 (HTB-75) were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA).
The OVCAR3 cell line, derived from malignant ascites
of patients with progressive ovarian adenocarcinoma, is
widely used as a model of high-grade serous carcinoma

(HGSC), the most aggressive and prevalent histological
subtype [17]. Caov-3 cells, derived from ovarian ade-
nocarcinoma tissue, were selected for their clinical rele-
vance to major ovarian cancer subtypes [18]. Human pe-
ripheral blood mononuclear cells (PBMCs) were purchased
from AnWei-sci (HUM-AWP-i010, Shanghai, China). My-
coplasma testing and short tandem repeat (STR) profiling
were performed on cell lines, whereas PBMCs were not an-
alyzed for STR. The detection result for Mycoplasma was
negative. OVCAR3, Caov-3, and PBMCs were cultured
in Roswell Park Memorial Institute Medium 1640 (RPMI-
1640; 11875093, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with penicillin G (100 pg/mL; 61-33-
6, MCE, Monmouth Junction, NJ, USA), streptomycin (50
pg/mL; C0222, Biotop, Shanghai, China), and 10% fetal
bovine serum (FBS; 5670701, Thermo Fisher Scientific,
Waltham, MA, USA). All cultures were maintained at 37
°C in a humidified incubator with 5% CQO.

Cell Transfection

Small interfering RNAs (siRNAs) targeting CKAP2L
(siCKAP2L-1, GGAUCGAAGGAAACAACUATT,
siCKAP2L-2, GGUUAAUAGGAGUCAAUAUTT) and a
negative control siRNA (siNC, ACGUCACACGUUCG-
GAGAATT) were obtained from VIEWSOUD Biotech
(Beijing, China). Ovarian cancer cells were divided into
three groups: Con, siNC, and siCKAP2L. Cells (5 x 10°)
were transfected with 25 nM siCKAP2L or siNC using
Lipofectamine 2000 (11668019, Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instruc-
tions. After 48 hours of incubation, transfected cells were
harvested for subsequent experiments. Transfection effi-
ciency was determined by RNA extraction and quantitative
real-time polymerase chain reaction (QRT-PCR).

Cell Co-Culture

PBMCs were assigned to four groups: PBMC, Con
cancer cell + PBMC, siNC cancer cell + PBMC, and
siCKAP2L cancer cell + PBMC. As described previ-
ously [19], PBMCs were differentiated into macrophages.
Briefly, PBMCs (1 x 10°%) were cultured in 2 mL of
RPMI-1640 medium supplemented with 100 nM phor-
bol 12-myristate 13-acetate (PMA, HY-18739, MCE, CA,
USA) for three days. After incubation, adherent cells were
washed three times with phosphate-buffered saline (PBS;
C0221A, Biotop, Shanghai, China) to remove non-adherent
cells. To prevent direct cell-to-cell contact, PBMC-derived
macrophages were co-cultured with OVCAR3 or Caov-
3 cells (1 x 10° upper chamber) using Transwell inserts
(FTWO001, Biotop, Shanghai, China; pore size 0.4 um) [20].
In the Con cancer cell + PBMC group, non-transfected OV-
CAR3 or Caov-3 cells were co-cultured with PBMCs. In
the siNC cancer cell + PBMC group, OVCAR3 or Caov-3
cells transfected with siNC were co-cultured with PBMCs.
In the siCKAP2L cancer cell + PBMC group, OVCARS3 or
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Caov-3 cells transfected with siCKAP2L were co-cultured
with PBMCs. All chambers were then incubated at 37 °C
for 36 hours.

The Cancer Genome Atlas (TCGA)

The diagnostic potential of CKAP2L in ovarian can-
cer was evaluated using receiver operating characteristic
(ROC) curve analysis with data obtained from the TCGA
database (https://tcga-data.nci.nih.gov/tcga). CKAP2L
mRNA expression was analyzed across multiple tumor
types and corresponding normal tissues. Differential ex-
pression in TCGA cohorts was analyzed using DESeq2
(v1.36.0), with statistical significance defined as |logaFC]
>1 and false discovery rate (FDR)-adjusted p < 0.05.
Kaplan-Meier survival analyses were performed for over-
all survival (OS), progression-free survival (PFS), and post-
progression survival (PPS). Statistical significance of sur-
vival differences was assessed by two-sided log-rank tests,
and hazard ratios (HR) with 95% confidence intervals (CI)
were calculated using Cox proportional hazards models.
Unless otherwise stated, a nominal p-value < 0.05 was con-
sidered statistically significant.

Tumor Immune Estimation Resource (TIMER)

The TIMER database (https://cistrome.shinyapps.io/ti
mer/) is a comprehensive resource for tumor immunology,
enabling exploration and evaluation of immune infiltration.
Correlations between CKAP2L expression and six types of
tumor-infiltrating immune cells (TIICs) (B cells, CD4* T
cells, CD8™ T cells, neutrophils, macrophages, and den-
dritic cells) were obtained from the “GENE” module. The
“Correlation” module was further used to analyze the re-
lationship between CKAP2L expression and immune cell
markers. Statistical analyses were conducted using purity-
adjusted partial Spearman’s correlation, with significance
defined as FDR-adjusted p < 0.05. Gene expression lev-
els were normalized and presented as logs transcripts per
million (TPM).

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from ovarian cancer cells
(5 x 10%) using TRIzol reagent (R0016, Biotop, Shanghai,
China), following the manufacturer’s instructions. 1 pg of
total RNA was reverse transcribed using the SuperScript [V
UniPrime One-Step RT-PCR System (12597500, Thermo
Fisher Scientific, Waltham, MA, USA). The resulting
cDNA served as a template for qRT-PCR. Amplification
was conducted on an Applied Biosystems 7300 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
using the SuperScript™ III Platinum™ SYBR™ Green
One-Step qRT-PCR Kit (11736051, Thermo Fisher Scien-
tific, Waltham, MA, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the internal con-
trol. Relative expression levels were calculated using
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the 2724CT method [21]. Primers were synthesized by
Sangon Biotech (Shanghai, China): CKAP2L (forward):
5'-GAGCCAAAACACCAAGCCTTA-3, CKAP2L
(reverse): 5'-GGAGTTTAATGCTGATGGACCTT-
3/ GAPDH (forward): 5/-
CATGAGAAGTATGACAACAGCCT-3, GAPDH
(reverse): 5'-AGTCCTTCCACGATACCAAAGT-3'. All
experiments were performed in triplicate.

Cell Proliferation Assay

Cell proliferation was evaluated using the WST-1
Cell Proliferation Assay Kit (C0035, Beyotime, Shanghai,
China). Ovarian cancer cells (2 x 103/well) were seeded
into 96-well plates and incubated in culture medium for 24
hours per group. WST-1 solution (10 pL) was then added to
each well and incubated for one hour according to the man-
ufacturer’s instructions. Absorbance was measured at 450
nm using a microplate reader v 6.0 (BioRad Laboratories,
Hercules, CA, USA). Each experiment was performed with
three independent replicates. Cell viability was determined
as follows:

Cell  viability (%) =
ODblank)/ (ODcontrol - ODblank) x 100

(ODexperimental

Cell Migration Assay

Cell migration capacity was determined via the scratch
assay. Ovarian cancer cells (5 x 10%) were seeded into six-
well plates and cultured until they reached 80-90% conflu-
ency. A 200 pL pipette tip was used to generate a scratch,
followed by three washes with PBS. The cells were then
incubated at 37 °C with 5% CO;. Images of three dis-
tinct scratch sites were captured at 0 and 24 hours using a
microscope (100, Nikon Instruments Inc., Melville, NY,
USA). Cell migration was quantified using ImagelJ software
(Version 1.53, National Institutes of Health, Bethesda, MD,
USA). Each experiment was performed with three indepen-
dent replicates.

Cell Apoptosis

Apoptosis was assessed by staining with Annexin V-
fluorescein isothiocyanate (FITC) and propidium iodide
(PD) (C1062, Biotop, Shanghai, China). Following the man-
ufacturer’s protocol, ovarian cancer cells (5 x 10°) were
harvested and stained with Annexin V-FITC and PI. Flow
cytometric analysis was performed using an FACSCalibur
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Each experiment was performed with three independent
replicates.

Flow Cytometry

Ovarian cancer cells and PBMCs were isolated.
PBMCs were washed twice with PBS and resuspended for
immunophenotypic analysis. Fc receptor blocking solu-
tion (422301, BioLegend, San Diego, CA, USA) was added
to PBMCs (5 x 10%) and incubated for 10 minutes at 4
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°C. Cells were stained for 30 minutes at 4 °C with al-
lophycocyanin (APC)-conjugated anti-human CD11c anti-
body (980604, BioLegend, San Diego, CA, USA). Follow-
ing permeabilization for 10 minutes with 1x Permeabiliza-
tion Buffer (427705, BioLegend, San Diego, CA, USA),
intracellular staining was performed for 30 minutes at 4
°C with fluorescein isothiocyanate (FITC)-conjugated anti-
human CD206 antibody (321103, BioLegend, San Diego,
CA, USA). Cells were washed with PBS and fixed with 1%
paraformaldehyde (P0099, Biotop, Shanghai, China). Data
were acquired using a flow cytometer and analyzed with
FlowlJo software (version 10.8.1, BD Biosciences, Ashland,
OR, USA). Each experiment was performed with three in-
dependent replicates.

Western Blot Analysis

PBMCs (5 x 10%) were lysed with RIPA buffer
(89901, Thermo Fisher Scientific, Waltham, MA, USA),
and the supernatant was collected after centrifugation at
12,000 rpm for 30 minutes at 4 °C. Protein concentra-
tion was determined using the Pierce™ Bicinchoninic Acid
(BCA) Protein Assay Kits (23227, Thermo Fisher Sci-
entific, Waltham, MA, USA). Protein samples were pre-
pared with the Pierce™ SSDS-PAGE Sample Preparation
Kits (10%, 89888, Thermo Fisher Scientific, Waltham,
MA, USA), separated by electrophoresis, and transferred
to polyvinylidene fluoride (PVDF) membranes (88518,
Thermo Fisher Scientific, Waltham, MA, USA) using the
Trans-Blot Transfer System. Membranes were blocked
with 5% non-fat dry milk for 120 minutes at room tem-
perature and incubated overnight at 4 °C with primary an-
tibodies: anti-ADORA2A (5 ug/mL, 42 kDa, ab79714,
Abcam, Cambridge, UK) and anti-GAPDH (5 pg/mL, 37
kDa, ab8245, Abcam, Cambridge, UK). After washing,
membranes were incubated for 60 minutes at room tem-
perature with goat anti-mouse IgG-HRP secondary anti-
body (1:2000, ab205719, Abcam, Cambridge, UK). Protein
bands were visualized using enhanced Chemiluminescence
(ECL) reagents (KGC4902, Keygene, Jiangsu, China) and
imaged with a Bio-Rad gel documentation system (Her-
cules, CA, USA). GAPDH served as the loading control.
Each experiment was performed with three independent
replicates. Relative expression of the target protein was de-
termined as follows:

Relative expression = (target protein band inten-
sity)/(endogenous reference protein band intensity).

Cytokine Antibody Array

Ovarian cancer cells and PBMCs were co-cultured,
and supernatants were collected. Three groups were de-
fined: Con cancer cell + PBMC, siNC cancer cell + PBMC,
and siCKAP2L cancer cell + PBMC. Cytokine expression
was assessed using the Human Cytokine Array Q1 (QAH-
CYT-1-1, RayBiotech Inc., Peachtree Corners, GA, USA),
which detects multiple cytokines, including interleukin-

18 (IL-13), interleukin-10 (IL-10), and vascular endothe-
lial growth factor (VEGF). Membranes were blocked with
blocking buffer following the manufacturer’s instructions
and incubated overnight at 4 °C with culture supernatants.
After washing, membranes were incubated with biotiny-
lated antibody cocktails for two hours at room tempera-
ture, followed by incubation with Cy3-conjugated strepta-
vidin for 1.5 hours at room temperature in the dark. Mem-
branes were washed and scanned using a GenePix 4100A
Scanner (Molecular Devices, San Jose, CA, USA). Slides
were dried completely and rescanned within 2448 hours
at 10 um resolution under optimized laser power and pho-
ton multiplier tube (PMT) settings. Signals were visualized
using an enhanced chemiluminescence system (Amersham
ImageQuant 800, Cytiva, Marlborough, MA, USA). Back-
ground signals were removed, and data were exported to
Microsoft Excel for analysis. Each experiment was per-
formed with three independent replicates.

Statistical Analysis

All quantitative experiments were repeated three
times. Statistical analysis was conducted using GraphPad
Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA).
Data are expressed as mean =+ standard deviation. Com-
parisons among multiple groups were performed using one-
way ANOVA followed by Tukey’s post hoc test. A p-value
< 0.05 was considered statistically significant.

Results

Knockdown of CKAP2L Inhibits Ovarian Cancer
Cell Proliferation and Migration and Promotes
Apoptosis

gPCR analysis confirmed that CKAP2L knockdown
significantly reduced CKAP2L expression in OVCAR3 and
Caov-3 cells, with si-2 demonstrating the highest silencing
efficiency. Therefore, si-2 was selected for subsequent ex-
periments (p < 0.001, Fig. 1A,B). The WST-1 assay showed
that CKAP2L knockdown markedly inhibited proliferation
in OVCAR3 and Caov-3 (p < 0.01, Fig. 1C,D). Scratch as-
say results indicated that migration ability was significantly
reduced in OVCAR3 and Caov-3 cells in the siCKAP2L
group compared to the siNC group (p < 0.01, Fig. |E-H).
Flow cytometry further revealed a significant increase in
apoptosis in OVCAR3 cells in the siCKAP2L group (p <
0.001, Fig. 2A,B), with similar results observed in Caov-3
cells (p < 0.001, Fig. 2C,D).

Knockdown of CKAP2L Suppresses M2 Polarization
and Promotes M1 Polarization of Macrophages
Induced by Ovarian Cancer Cells

TCGA database analysis showed that CKAP2L ex-
pression was significantly upregulated in ovarian cancer,
cervical cancer, endometrial carcinoma, and other malig-
nancies (Fig. 3A). In ovarian cancer, elevated CKAP2L
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Fig. 1. Effects of Cytoskeleton-Associated Protein 2-Like (CKAP2L) knockdown on ovarian cancer cell proliferation and migra-
tion. (A,B) qRT-PCR analysis of CKAP2L in OVCAR3 and Caov-3 cells from the Con, siNC, and siCKAP2L groups. GAPDH served as
the internal control. (C,D) WST-1 assays evaluating proliferation of OVCAR3 and Caov-3 cells in the Con, siNC, and siCKAP2L groups.
(E-H) Scratch assays assessing migration of OVCAR3 and Caov-3 cells in the Con, siNC, and siCKAP2L groups. Magnification: 100x.
Each experiment was performed in triplicate. **p < 0.01, ***p < 0.001. n = 3 per group. Abbreviations: Con, control; siNC, negative
control siRNA; siCKAP2L, small interfering RNA targeting CKAP2L; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; qRT-PCR,
quantitative real-time polymerase chain reaction.
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Fig. 2. Effects of CKAP2L knockdown on ovarian cancer cell apoptosis. (A,B) Flow cytometry analysis of apoptosis levels in

OVCARS3 cells from the Con, siNC, and siCKAP2L groups. (C,D) Flow cytometry analysis of apoptosis levels in Caov-3 cells from the

Con, siNC, and siCKAP2L groups. Each experiment was performed in triplicate. ***p < 0.001. n = 3 per group. Abbreviations: Con,
control; siNC, negative control siRNA; siCKAP2L, small interfering RNA targeting CKAP2L.

expression was strongly associated with poor prognosis
of ovarian cancer (Fig. 3B-D). TIMER database anal-
ysis showed that CKAP2L mRNA expression in ovar-
ian carcinoma was significantly positively correlated with
macrophage infiltration (Fig. 4, R = 0.174; p = 0.000772).
Compared to the PBMC group, macrophages differenti-
ated from PBMCs co-cultured with OVCAR3 cells showed
increased expression in both CD206™ (M2) and CD11c™
(M1) markers (p < 0.001, Fig. 5SA—C). CKAP2L knock-
down reduced CD206™ (M2) expression while further en-
hancing CD11c™ (M1) levels (p < 0.001, Fig. 5A-C).
Similar findings were observed in Caov-3 cells, where
macrophages co-cultured with Caov-3 cells exhibited in-
creased CD206™" (M2)and CD11c™ (M1) levels (p < 0.001,
Fig. 5A,D,E). Compared to the siNC cancer cell + PBMC
group, macrophages in the siCKAP2L cancer cell + PBMC
group exhibited reduced CD206™ (M2) levels and elevated
CD1lc™ (M1) levels (p < 0.001, Fig. 5A,D,E).

Knockdown of CKAP2L Reduces ADORA2A
Expression in Macrophages Induced by Ovarian
Cancer Cells, Increases IL-15, and Decreases IL-10
and VEGF

Western blot analysis revealed that ADORA2A pro-
tein levels in macrophages differentiated from PBMCs
co-cultured with OVCAR3 and Caov-3 cells compared
to the PBMC group (»p < 0.001, Fig. 6A—C). How-

ever, ADORA2A expression was markedly lower in
macrophages from the siCKAP2L cancer cell + PBMC
group compared to the siNC cancer cell + PBMC group (p
< 0.001, Fig. 6A-C). IL-18, a characteristic cytokine of
M1-type macrophages, along with IL-10 and VEGF, a se-
cretory factor associated with M2-type macrophages, were
assessed as polarization markers. CKAP2L knockdown
significantly increased IL-17 levels while decreasing IL-
10 and VEGF levels in the supernatants of OVCAR3 and
Caov-3 cells co-cultured with PBMCs (p < 0.01, Fig. 6D—

D.
Discussion

Through a series of functional assays, we observed
that CKAP2L promotes ovarian cancer cell proliferation
and migration while suppressing apoptosis. These findings
suggest that CKAP2L plays a significant role in the patho-
genesis of ovarian cancer. Macrophages are considered key
immune effectors in tumor defense [22]. Previous study has
shown that CKAP2L regulates the proliferation and apopto-
sis of esophageal squamous cell carcinoma by modulating
the cell cycle [10]. Given that CKAP2L drives the cell cy-
cle progression, it may indirectly contribute to the establish-
ment of an immunosuppressive tumor microenvironment.

Increasing evidence indicates that the immune mi-
croenvironment plays a vital role in the development
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Fig. 5. Effects of CKAP2L knockdown on macrophage polarization induced by ovarian cancer cells. (A) Flow cytometry analysis of
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Fig. 6. Effects of CKAP2L knockdown on Adenosine A2A Receptor (ADORA2A) expression in PBMC-differentiated
macrophages and cytokine regulation in ovarian cancer cells. (A—C) Western blot analysis of ADORA2A expression in macrophages
differentiated from PBMCs in the PBMC, Con cancer cell + PBMC, siNC cancer cell + PBMC, and siCKAP2L cancer cell + PBMC
groups. GAPDH served as the internal control. (D-F) IL-15, IL-10, and VEGF levels in the supernatant of OVCARS3 cells co-cultured
with PBMC from the Con, siNC, and siCKAP2L groups. (G-I) Cytokine antibody array analysis of IL-14, IL-10, and VEGF levels in
the supernatant of Caov-3 cells co-cultured with PBMC from the Con, siNC, and siCKAP2L groups. Each experiment was performed in
triplicate. **p < 0.01, ***p < 0.001. n = 3 per group. Abbreviations: Con, control; siNC, negative control siRNA; siCKAP2L, small
interfering RNA targeting CKAP2L; IL-13, interleukin-13; IL-10, interleukin-10; VEGF, vascular endothelial growth factor.

and progression of ovarian cancer [23]. Analysis of the experiments focused on macrophages, given both their es-
TIMER database revealed a significant association between  tablished role in ovarian cancer progression and their strong
CKAP2L mRNA expression and macrophage infiltrationin ~ bioinformatic association with CKAP2L.

ovarian cancer, while correlations with other immune cells

) ) . Reports indicate that tumor-associated macrophages
were comparatively weaker. Accordingly, our functional

are the most abundant infiltrating immune cells in ovar-
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ian tumors and ascites, and that their density and polar-
ization status are strongly correlated with patient prognosis
[8]. Tumor tissues recruit monocytes from peripheral circu-
lation and drive their differentiation into tumor-associated
macrophages, which predominantly exhibit M2 polariza-
tion features and functions. This polarization is a key mech-
anism underlying tumor immune evasion [24]. CD206 is
commonly used as a marker of M2 macrophages, which
primarily contribute to anti-inflammatory responses and
tissue repair, including debris clearance, wound healing,
and regulation of immune responses to promote healing
[25,26]. Conversely, CD11c is a common marker of M1
macrophages, which are typically pro-inflammatory, se-
creting cytokines such as tumor necrosis factor-alpha (TNF-
«) and interleukin-6 (IL-6) to promote antimicrobial and
antiviral defense [27,28].

In the present study, macrophages differentiated from
PBMC:s co-cultured with ovarian cancer cells exhibited in-
creased expression of both M1 and M2 markers, indicating
that ovarian cancer cells may regulate the immune microen-
vironment by altering macrophage phenotypes to promote
tumor progression. Notably, CKAP2L was shown to influ-
ence this polarization balance, promoting a shift from M1
toward M2 macrophages in ovarian cancer.

ADORAZ2A is a G protein-coupled receptor widely
distributed throughout the body, primarily regulating di-
verse physiological functions through adenosine binding
[29]. The oncogenic role of ADORA2A has been reported
in multiple malignancies, though with tissue-specific dif-
ferences. A previous study demonstrated that ADORA2A
markedly inhibits neuroendocrine growth of prostate and
lung cancer in vivo [30]. Zohair et al. [31] reported
that ADORA2A is associated with invasive clinical out-
comes in breast cancer, reflecting an immune-suppressive
tumor microenvironment. Similarly, Zhang et al. [32]
demonstrated that chuanliansu and paclitaxel synergisti-
cally suppress triple-negative breast cancer by regulat-
ing ADORA2A-EMT-related signaling pathway. Evidence
suggests that ADORA2A strongly enhances macrophage
activation, exerting a pivotal role in immune regulation
and inflammatory responses [33]. Gao ef al. [34] ob-
served that jumonji domain-containing 3 (JMJD3) inhibits
macrophage apoptosis by promoting ADORA2A expres-
sion in lipopolysaccharide (LPS)-induced acute lung in-
jury. In psoriasis, ADORA2A activation suppresses M1
macrophage activation through the nuclear factor kappa B-
keratin 16 (NF-xB-KRT16) pathway, reducing C-X-C mo-
tif chemokine ligand 10 and 11 (CXCL10/CXCL11) secre-
tion and suppressing T helper 1 and 17 (Th1/Th17) differ-
entiation [35].

In this study, we observed an increase in ADORA2A
expression in macrophages differentiated from PBMCs
induced by ovarian cancer cells, and this effect was
suppressed by CKAP2L silencing. IL-18 is a ma-
jor pro-inflammatory cytokine that promotes MI-type

1971

macrophage polarization, thereby enhancing pro-
inflammatory responses [36]. Conversely, VEGF can
influence macrophage activation status through VEGFR
binding, frequently driving macrophage polarization
toward the M2 phenotype [37]. Our findings demonstrate
that CKAP2L suppresses IL-1/3 secretion in ovarian
cancer cells while promoting IL-10 and VEGF secre-
tion. These results suggest that ovarian cancer cells may
regulate macrophage M2 polarization and the immune
microenvironment by modulating IL-14, IL-10, and VEGF
secretion, as well as upregulating ADORA2A expression
in macrophages.

This study has several limitations. First, all experi-
ments were conducted in vitro, which, although providing
valuable preliminary evidence, may not fully represent in
vivo conditions. While our research clarifies the role of
CKAP2L in ovarian cancer cells and the immune microen-
vironment, the precise molecular mechanisms and signal-
ing pathways require further investigation. Future research
will incorporate patient-derived organoids and xenografts
to address this gap. Second, potential variability in PBMC
responses due to donor heterogeneity remains a challenge.
Future studies should use pooled PBMCs from multiple
donors to minimize individual differences. Third, although
we highlight the role of ADORA2A in macrophage pheno-
type regulation, its mechanistic interaction with CKAP2L
remains unclear and constitutes a significant direction for
future research. Finally, the current study focuses exclu-
sively on the ovarian cancer cell lines OVCAR3 and Caov-
3, and the findings may not be generalizable across all ovar-
ian cancer subtypes or patient populations.

Conclusions

In conclusion, this study highlights the critical role
of CKAP2L in ovarian cancer. We demonstrated that
CKAP2L accelerates in vitro ovarian cancer progression by
enhancing cell proliferation and migration while suppress-
ing apoptosis. CKAP2L also modulates cytokine secretion
by ovarian cancer cells, reducing IL-18 production and in-
creasing IL-10, VEGF release. Furthermore, CKAP2L pro-
motes macrophage polarization toward the M2 phenotype
induced by ovarian cancer cells and elevates ADORA2A
expression. Collectively, these findings provide valuable
insights into how ovarian cancer regulates the immune mi-
croenvironment to support tumor growth and metastasis.
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