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POLQ promotes tumor progression and immunosuppression
via ATM-PS3 signaling in endometrial cancer
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Abstract. Endometrial cancer (EC) is a one of the most
prevalent gynecological malignancies worldwide; however, the
molecular mechanisms driving its progression remain insuf-
ficiently understood. In the present study, DNA polymerase
0 (POLQ), which is implicated in multiple types of cancer,
was comprehensively investigated in EC using data from The
Cancer Genome Atlas and TNMplot datasets, with further
validation in an independent patient cohort. POLQ expression
was markedly upregulated in EC tissues and was associated
with reduced 15-year overall survival. Increased POLQ
levels were also associated with higher Ki67 proliferation
indices, distinct patterns of T-cell infiltration and enhanced
programmed death-ligand 1 (PD-L1) expression. Gene Set
Enrichment Analysis revealed that POLQ expression was
associated with pathways involved in cell proliferation, cell
cycle regulation and DNA damage repair. Mechanistic studies
based on POLQ knockdown in EC cells were conducted
in vitro using small interfering RNA-mediated gene silencing,
followed by functional assays including cell proliferation assay,
flow cytometric cell cycle analysis, apoptosis assay, migration
and invasion assays, and western blot analysis to detect the
expression of key proteins involved in ATM/P53 signaling and
epithelial-mesenchymal transition (EMT) regulation. These
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experiments further demonstrated that POLQ may accel-
erate EC progression via two complementary mechanisms:
i) Activation of ataxia-telangiectasia mutated/P53 signaling
to facilitate cell cycle checkpoint bypass; and ii) induction
of EMT via cadherin switching. Collectively, these findings
established POLQ as a robust prognostic biomarker and a
promising therapeutic target in EC.

Introduction

Endometrial cancer (EC) is the fifth most commonly diag-
nosed malignancy worldwide and remains one of the most
lethal types of gynecological cancer (1). Notably, ~75% of
patients are diagnosed at an early stage (FIGO stage I-1I),
with a favorable overall 5-year survival rate of ~80%. By
contrast, patients diagnosed at an advanced stage (FIGO
stage III) exhibit markedly poorer outcomes, with reported
S5-year survival rates ranging between 25 and 60% (2). Despite
advances in therapeutic approaches, including surgery, chemo-
therapy, radiotherapy and hormonal therapy, the incidence
and mortality of EC have continued to increase (3). These
trends highlight an urgent need to elucidate the molecular
mechanisms underlying EC progression, and to identify novel
biomarkers and therapeutic targets to improve prognostic
assessment and clinical management.

DNA polymerase 6 (POLQ, also known as Pol6), encoded by
the POLQ gene, is a key mediator of microhomology-mediated
end joining (MMEJ), a DNA double-strand break (DSB) repair
pathway that mediates the ligation of excised 3' DNA ends using
microhomologous sequences (4,5). Structurally, POLQ consists
of a C-terminal DNA polymerase domain, an N-terminal
helicase-like domain with DNA-dependent ATPase activity,
and a non-conserved central domain (6). During the S phase
of the cell cycle, MMEIJ directly competes with homologous
recombination (HR) for DNA end binding, thus serving a critical
role in DNA damage repair (7,8). Tumors with HR deficiency
are particularly dependent on POLQ-mediated repair mecha-
nisms (9). Aberrant POLQ expression has been reported across
multiple malignancies, including colorectal (10), lung (11) and
breast cancer (12,13), where its increased expression is consis-
tently associated with unfavorable clinical outcomes (14-16).
Beyond its established functions in DNA replication, cell cycle
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regulation and genome stability, POLQ has also been implicated
in immune regulation (17), cancer stemness and ferroptosis (12).
However, to the best of our knowledge, the molecular mecha-
nisms and prognostic importance of POLQ in EC have not been
previously investigated.

Therefore, the current study aimed to systematically analyze
POLAQ expression in EC, and to investigate its association with
the immune checkpoint protein programmed death-ligand 1
(PD-L1) using data from The Cancer Genome Atlas (TCGA),
with validation in EC patient specimens. Furthermore, the
functional effects of POLQ on EC cell proliferation and tumor
progression, as well as the underlying molecular mechanisms,
were further investigated through in vitro experiments.
Collectively, these findings may provide novel insights into the
oncogenic role of POLQ in EC, and support its potential value
as both a prognostic biomarker and a therapeutic target.

Materials and methods

Assessment of POLQ expression in EC using publicly avail-
able databases. A total of two publicly available databases
were utilized: TCGA Uterine Corpus Endometrial Carcinoma
(TCGA-UCEC) project via the Genomic Data Commons
portal (https://portal.gdc.cancer.gov/) and the TNMplot online
database (https:/tnmplot.com/). Transcriptomic profiles of
554 EC tissues and 35 adjacent non-tumor endometrial tissues
were retrieved from TCGA-UCEC. In parallel, expression data
from 469 EC tissues and 315 normal endometrial tissues from
healthy controls were retrieved from the TNMplot database,
which integrates RNA-sequencing (RNA-seq) data from
TCGA, Genotype-Tissue Expression and Gene Expression
Omnibus cohorts (18).

Association between POLQ expression and clinicopathological
characteristics. To evaluate the association between POLQ
expression and clinicopathological features, association analysis
using data from TCGA-EC cohort was conducted. Patients were
stratified into high- and low-expression groups based on the
median POLQ expression levels (n=277/group). RNA-seq data
and the corresponding clinical information were retrieved from
TCGA. Clinicopathological variables included age, body mass
index (BMI), histological subtype, tumor grade, clinical stage
and survival status. The prognostic significance of POLQ expres-
sion was assessed using overall survival (OS), disease-specific
survival (DSS) and progression-free interval (PFI). Survival
curves were generated using the Kaplan-Meier method and
compared using the log-rank test. Furthermore, univariate Cox
proportional hazards regression and multivariate Cox regression
analyses were performed to determine whether POLQ expres-
sion was independently associated with survival outcomes in
TCGA-EC cohort. All statistical analyses were conducted using
R software (version 4.3.1; R Foundation for Statistical Computing;
https://www.r-project.org/). Survival analyses were performed
using the ‘survival’ package (version 3.8-6; https://cran.r-project.
org/package=survival) and ‘survminer’ package (version 0.5.1;
https://cran.r-project.org/package=survminer) in R.

Immune infiltration and gene set enrichment analysis (GSEA).
Immune infiltration analysis and GSEA were performed
using TCGA-UCEC cohort. The Estimation of Stromal and

Immune Cells in Malignant Tumor Tissues using Expression
Data (ESTIMATE) algorithm (19) was employed to assess
the relative abundance of stromal and immune cells within
tumor samples based on gene expression profiles. Immune
infiltration analyses, including the calculation of stromal,
immune and ESTIMATE scores, were carried out using the
‘estimate’ R package (version 1.0.13; https://r-forge.r-project.
org/projects/estimate/) in R software (version 4.3.1), based on
transcriptomic data from TCGA-UCEC cohort. Briefly, the
ESTIMATE algorithm calculates stromal and immune scores
based on single-sample GSEA of predefined stromal- and
immune-related gene signatures, and the ESTIMATE score
is derived from the combination of the stromal and immune
scores. Additionally, the relative abundance of specific
immune cell populations was assessed using the ‘GSVA’ R
package (version 1.46.0) (20-22). In addition, GSEA, including
Hallmark pathway analysis, and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses
were performed using R software (version 4.3.1). GSEA was
conducted using the ‘clusterProfiler’ package (version 4.6.2;
https://bioconductor.org/packages/clusterProfiler/), and
gene sets were obtained from the Molecular Signatures
Database (MSigDB, version 7.5.1; https:/www.gsea-msigdb.
org/gsea/msigdb), including the Hallmark gene set collection.
KEGG pathway enrichment analysis was also performed using
‘clusterProfiler’. Pathways with a false discovery rate <0.25
were considered significantly enriched. Spearman's correla-
tion coefficients were calculated to evaluate the associations
between POLQ expression levels and pathway enrichment
scores, with a significance threshold set at rs>0.5 and P<0.05.

Differential expression and Gene Ontology (GO) enrich-
ment analyses. Differential expression analysis between the
POLQ-high and POLQ-low groups was performed using
the ‘limma’ R package (version 3.54.0; https://bioconductor.
org/packages/limma/) in R software (version 4.3.1). RNA-seq
data from TCGA-UCEC cohort were analyzed, and patients
were stratified into POLQ-high and POLQ-low groups based
on the median expression level of POLQ. Linear models were
fitted using the limma framework, and empirical Bayes moder-
ation was applied. Genes with P<0.05 and l1og2FC [>1.5 were
considered significantly differentially expressed. Volcano plots
were generated using the ‘ggplot2’ R package (version 3.4.2;
https://cran.r-project.org/package=ggplot2), with significance
thresholds set at llog2FCI>1.5 and P<0.05. GO enrichment
analysis of the identified DEGs was conducted using the ‘clus-
terProfiler’ R package (version 4.6.2). Enriched GO terms in
the Biological Process categories were identified. GO terms
with P<0.05 were considered significantly enriched.

Clinical specimens and immunohistochemistry (IHC). A
total of 113 formalin-fixed paraffin-embedded (FFPE) tissue
specimens, including 78 EC tissues and 35 paired adjacent
non-cancerous endometrial tissues, were collected from Taihe
Hospital (Shiyan, China) between July 2020 and October
2023. The tissues were fixed in 10% neutral buffered formalin
at room temperature (20-25°C) for 24 h prior to routine dehy-
dration and paraffin embedding. All patients with EC were
female, with a median age of 59 years (range, 41-72 years). All
diagnoses were confirmed by senior pathologists, and none of
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the patients had received preoperative radiotherapy or chemo-
therapy. FFPE tissue blocks were cut into 3-xm sections, which
were deparaffinized in xylene, rehydrated through graded
ethanol and subjected to heat-induced antigen retrieval using
EDTA buffer (pH 9.0) at 95-100°C for 15 min. Endogenous
peroxidase activity was blocked following incubation with
3% hydrogen peroxide for 10 min at room temperature. After
blocking with QuickBlock™ Blocking Buffer for Immunol
Staining (cat. no. P0260; Beyotime Biotechnology) at room
temperature for 15 min to reduce non-specific binding, the
sections were incubated at 4°C overnight with primary anti-
bodies against POLQ, Ki67 and PD-L1 (Table SI), followed
by incubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (ready-to-use; cat. no. PV-6000; Beijing
Zhongshan Jingiao Biotechnology Co., Ltd.) at room tempera-
ture for 30 min. Immunoreactivity was visualized using DAB
as the chromogen and cell nuclei were counterstained with
hematoxylin at room temperature for 1 min. POLQ expres-
sion levels were semi-quantitatively scored based on staining
quantity (0-4) and intensity (0-3), with final overall scores
calculated as quantity x intensity (range, 0-12). Ki67 positive
expression was quantified as the percentage of Ki67* cells
at x200 magnification. PD-L1 THC was carried out using a
PD-L1 antibody (clone no. 22C3; ready-to-use; cat. no. SKO06;
Dako; Agilent Technologies, Inc.), which was used to incubate
the sections at 4°C overnight. Detection was carried out using
the EnVision™ FLEX HRP detection kit (cat. no. K8000;
Dako; Agilent Technologies, Inc.), which includes an
HRP-conjugated secondary antibody polymer, according to
the manufacturer's instructions. PD-L1 expression was evalu-
ated using a semi-quantitative IHC scoring system. Staining
intensity was scored as 0 (negative), 1 (weak), 2 (moderate)
or 3 (strong), and the proportion of positive tumor cells was
scored from O to 5 according to the percentage of positive
cells. The final IHC score was calculated as the sum of the
intensity and proportion scores, yielding a total score ranging
from O to 8 (23). All slides were independently evaluated by
at least two experienced pathologists using a bright-field light
microscope (Olympus Corporation).

Cell culture and transfection. HEC-1-B and Ishikawa cells
were obtained from The Cell Bank of Type Culture Collection
of The Chinese Academy of Sciences and cultured in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.). Cells were maintained at 37°C
in a humidified incubator with 5% CO,. Once they had reached
~90% confluence, the cells were passaged and were then
seeded in 6-well plates for further experiments. Upon reaching
~30% confluence, the cells were transfected with small inter-
fering (si)RNAs targeting POLQ (si-POLQ#1 and si-POLQ#2)
or the corresponding negative control siRNA (si-NC)(all
synthesized by Sangon Biotech Co., Ltd.), at a final concentra-
tion of 50 nM using GenMute™ siRNA Transfection Reagent
(cat. no. SL100568; SignaGen Laboratories), according to the
manufacturer's instructions. The culture medium was replaced
at 6 h post-transfection. Transfection was performed at 37°C
in a humidified incubator with 5% CO,. To detect the mRNA
expression levels of target genes, cells were harvested at 24 h
post-transfection, whereas protein expression levels were
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assessed 48 h post-transfection. All subsequent functional
assays were performed 48 h after transfection unless other-
wise specified. All experiments were performed in triplicate.
The siRNA sequences used are listed in Table SII.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the transfected cells using the
RNAeasy™ Animal RNA Extraction Kit (cat. no. R0024;
Beyotime Biotechnology), which is designed for mammalian
cells, according to the manufacturer's instructions. cDNA was
then synthesized using the Evomak-MIlo Reverse Transcription
Kit (cat. no. AG11705; Hunan Accurate Bio-Medical
Technology Co., Ltd.) according to the manufacturer's
protocol. qPCR was performed using TB Green® Premix
Ex Tag™ II (Tli RNaseH Plus) (cat. no. RR820A; Takara
Bio, Inc.) according to the manufacturer's instructions. The
thermocycling conditions were as follows: 95°C for 30 sec,
followed by 40 cycles at 95°C for 5 sec and 60°C for 30 sec. A
melt curve analysis was performed to confirm amplification
specificity. Relative mRNA expression levels were calculated
using the 2-24°4 method (24). The primer sequences used are
listed in Table SII.

Western blot analysis. Transfected cells were lysed on ice for
30 min using Western and IP Cell Lysis Buffer (cat. no. P0037;
Beyotime Biotechnology) and cell lysates were centrifuged
at 12,000 x g for 15 min at 4°C and the supernatants were
collected for subsequent analysis. Protein concentra-
tions were calculated using a BCA assay (cat. no. PO012S;
Beyotime Biotechnology). Subsequently, equal amounts of
protein samples (30 pg per lane) were mixed with loading
buffer, separated by SDS-PAGE using different percentages
of polyacrylamide gels according to the molecular weights
of the target proteins (6-15%), and transferred onto PVDF
membranes. After blocking with 5% skimmed milk for 1 h at
room temperature, the membranes were incubated overnight at
4°C with primary antibodies against the target proteins listed
in Table SII. After washing with TBS-0.1% Tween-20 three
times, the membranes were incubated with HRP-conjugated
goat anti-rabbit IgG (H+L) (1:10,000; cat. no. SA00001-2;
Wuhan Sanying Biotechnology) or HRP-conjugated goat
anti-mouse IgG (H+L) (1:10,000; cat. no. SA00001-1; Wuhan
Sanying Biotechnology) for 1 h at room temperature. The
protein bands were then visualized using an enhanced chemi-
luminescence substrate (cat. no. MAO187; Dalian Meilun
Biology Technology Co., Ltd.) on a Bio-Rad gel imaging
system (Bio-Rad Laboratories, Inc.). The detailed informa-
tion of all primary antibodies used for western blot analysis,
including the antibody sources, catalog numbers and dilutions,
is provided in Table SIII.

Cell Counting Kit 8 (CCK-8) assay. Cells were collected and,
following transfection for 48 h, were counted and seeded in
96-well plates at a density of 2,000 cells/well. Cell viability was
then assessed at 24, 48, 72 and 96 h after seeding. Following
incubation for the indicated time points, each well was supple-
mented with 10 1 CCK-8 reagent (cat. no. BS350A; Biosharp
Life Sciences), followed by incubation for an additional 1 h at
37°C. The optical density in each well was then measured at an
absorbance of 450 nm using a microplate reader.


https://www.spandidos-publications.com/10.3892/or.2026.9097

4 ZHU et al: TARGETING POLQ IN ENDOMETRIAL CANCER

Colony formation assay. Transfected HEC-1-B and
Ishikawa cells were digested, counted using a hemocytom-
eter (Neubauer chamber) and seeded into 6-well plates at a
density of 500 cells/well, with three replicates per group. The
cells were incubated for 7-14 days depending on the growth
rate of the cell lines, until visible colonies (=50 cells/colony)
had formed. Subsequently, the plates were washed with
PBS and the colonies were fixed in 100% methanol at room
temperature for 15 min. After fixation, the colonies were
stained with 0.5% crystal violet solution (MilliporeSigma) at
room temperature for 20 min. Colonies were counted manu-
ally under a bright-field light microscope (CX43; Olympus
Corporation) and representative images were captured
using a smartphone camera attached to the bright-field light
microscope.

EdU proliferation assay. Transfected HEC-1-B and Ishikawa
cells were trypsinized, counted and seeded in 96-well
plates at a density of 2x10* cells/well. The cells were then
incubated with EdU (final concentration: 10 yM; Beyotime
Biotechnology) at 37°C for 2 h. Subsequently, cells were fixed
with 4% paraformaldehyde at room temperature for 15 min,
followed by permeabilization with 0.3% Triton X-100 at room
temperature for 10 min, according to the manufacturer's
instructions. EAU incorporation was detected using the Click
reaction solution, and cell nuclei were counterstained with
Hoechst 33342, according to the BeyoClick™ EdU-594 Cell
Proliferation Assay Kit protocol (cat. no. C0078S; Beyotime
Biotechnology). Fluorescence images were captured under
a fluorescence microscope. EdU-positive proliferating
cells displayed red fluorescence, whereas total nuclei were
visualized by blue fluorescence. The proliferation rate was
calculated as the ratio of EdU-positive cells to the total
number of cells.

Transwell assay. For the Transwell migration assays, trans-
fected HEC-1-B and Ishikawa cells were digested, washed
twice with serum-free RPMI-1640 medium, and resuspended
at a density of 1.5x10° cells/well in 24-well Transwell plates
(pore size, 8 um). Cell suspensions were seeded into the upper
chamber of Transwell inserts in serum-free medium, whereas
600 p1 RPMI-1640 medium containing 10% FBS was added to
the lower chamber as a chemoattractant. Following incubation
at 37°C for 24 h, non-migrated cells on the upper surface of the
membrane were gently removed and the inserts were washed
twice with PBS. Migrated cells on the lower surface were fixed
with 4% paraformaldehyde for 30 min at 25°C and stained
with 0.1% crystal violet for 20 min at 25°C. Excess stain was
then removed by washing three times with double-distilled
water, and, after drying, migrated cells were visualized and
images were using an inverted light microscope (Olympus
Corporation).

For the invasion assays, Transwell inserts were precoated
with Matrigel (cat. no. 356234; Corning, Inc.). Briefly,
pre-melted Matrigel was diluted and added to the upper surface
of the Transwell chamber, followed by incubation at 37°C
overnight to allow polymerization. Subsequently, the cells
were harvested and resuspended at a density of 7.5x10%/well.
The subsequent procedures were performed as described for
the Transwell migration assays.

Wound healing assay. For wound healing assays, transfected
HEC-1-B and Ishikawa cells were seeded into 6-well plates and
cultured until they reached ~90% confluence. Subsequently, a
straight scratch was created in each well using a 200-ul pipette
tip. The detached cells were removed after washing twice with
PBS and the cells were then cultured in serum-free medium.
Images of the wound area were captured immediately after
scratching (0 h) under an inverted phase-contrast light micro-
scope (magnification, x10). Following incubation at 37°C
for 24 h in a humified atmosphere with 5% CO,, images of
the same wound areas were captured. The wound area was
semi-quantified using ImageJ software (version 1.53a; National
Institutes of Health), and the cell migration rate was calculated
using the following formula: Migration rate (%)=[(wound area
at 0 h-wound area at 24 h)/wound area at 0 h] x100.

Apoptosis assessment by flow cytometry. Following transfec-
tion, the culture supernatants were collected and adherent
cells were detached using 0.25% trypsin without EDTA at
37°C for 3 min; digestion was terminated by the addition
of complete medium. The cells were then pooled with the
collected supernatants and centrifuged at 300 x g for 5 min
at 4°C for further analysis. Both suspended and adherent cells
were pooled, washed twice with PBS and resuspended. A
total of 1x10* cells/well were resuspended in 100 gl binding
buffer and incubated with 5 ul Annexin V-FITC and 2 ul
propidium iodide (PI) for 15 min at room temperature in the
dark, according to the manufacturer's instructions (Annexin
V-FITC/PI Apoptosis Detection Kit; cat. no. 556547; BD
Biosciences). Staining was terminated by adding 400 ul
binding buffer, and the cell apoptosis rate was subsequently
analyzed by flow cytometry (FACSCalibur; BD Biosciences)
using FlowJo 7.6 software (BD Biosciences).

Cell cycle assay. Transfected cells were seeded into 6-well
plates and harvested when they reached ~80% confluence.
The cells were then digested with 0.25% trypsin without
EDTA, washed with PBS and resuspended in 300 gl cell cycle
staining solution (Cell Cycle and Apoptosis Analysis Kit;
cat. no. CCS012; MultiSciences Biotech Co., Ltd.) containing
PI and RNase A. Following incubation at 37°C for 30 min
in the dark, cell cycle distribution was analyzed using a BD
FACSCanto II flow cytometer (BD Biosciences). The propor-
tion of cells in each phase of the cell cycle was quantified using
Flowlo 7.6 software.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism 8.0 (Dotmatics). Data are presented
as the mean =+ standard deviation, and all in vitro experi-
ments were conducted in triplicate. For normally distributed
continuous variables, paired or unpaired Student's t-tests
were used to compare the differences between two groups.
Non-normally distributed data were analyzed using the
Wilcoxon rank-sum test. Comparisons among multiple
groups were carried out using one-way ANOVA followed by
Bonferroni post hoc test. Categorical variables were analyzed
using the y” test, as all expected frequencies were =5.
Correlations were assessed using Spearman's rank correla-
tion coefficient. Survival analyses were performed using the
Kaplan-Meier method and compared using the log-rank test.
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Figure 1. Aberrant expression of POLQ in EC. Expression levels of POLQ in EC tissues compared with control tissues based on (A) unpaired TCGA, (B) paired
TCGA and (C) TNMplot datasets. Association between POLQ expression and clinicopathological features in EC, including (D) clinical stage, (E) histological
grading, (F) histological type and (G) tumor invasion. (H) Correlation analysis of POLQ expression and Ki67 expression based on TCGA-EC data. Prognostic
analysis of POLQ expression in EC based on TCGA data, including (I) overall survival, (J) disease-specific survival and (K) progression-free interval.
(L) THC images of POLQ in EC (n=78) and adjacent non-cancerous control tissues (n=35); x100 magnification. (M) IHC score of POLQ in EC and adjacent
non-cancerous control tissues. EC, endometrial cancer; IHC, immunohistochemistry; POLQ, DNA polymerase 0; TCGA, The Cancer Genome Atlas.

Two-tailed P<0.05 was considered to indicate a statistically
significant difference.

Results

POLQ is upregulated in EC, and is associated with
adverse clinicopathological features and a poor prognosis.
Comprehensive bioinformatics analyses using multiple publicly
available tumor databases, including TNMplot and TCGA-EC
cohort, demonstrated that POLQ mRNA expression was

significantly increased in EC tissues compared with that in adja-
cent normal tissues (Fig. 1A-C). Clinicopathological analyses
further revealed that high POLQ expression was significantly
associated with patient age, histological subtype and grade,
and clinical stage, whereas no significant associations were
observed with BMI or residual tumor status (Table SIV).
Notably, POLQ expression was markedly increased in
patients with advanced clinical stage EC (Fig. 1D), a higher
histological grade (Fig. 1E), a more aggressive histological
subtype (Fig. 1F) and tumor invasion (Fig. 1G), compared with
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their respective control groups. Correlation analysis based on
TCGA-EC data further showed a positive association between
POLAQ expression and the proliferation marker Ki67 (Fig. 1H),
suggesting a potential role for POLQ in promoting tumor cell
proliferation. Additionally, survival analyses further revealed
that high POLQ expression was significantly associated with
unfavorable OS (Fig. 1I), DSS (Fig. 1J) and PFI (Fig. 1K).
Univariate Cox regression analysis demonstrated that POLQ
expression was significantly associated with overall survival
in patients with EC. However, this association was not main-
tained in the multivariate Cox regression analysis (P=0.393),
indicating that POLQ expression was not an independent prog-
nostic factor (Table SV). To further validate the aforementioned
findings at the protein level, IHC analysis was performed on
tissue microarrays comprising 78 EC specimens and 35 paired
adjacent non-cancerous endometrial tissues. POLQ expres-
sion was semi-quantitatively evaluated based on both staining
intensity and quantity. Consistent with the transcriptomic
data, POLQ protein expression levels were markedly elevated
in EC tissues compared with those in adjacent non-cancerous
controls (Fig. 1L and M), thus supporting the oncogenic role
of POLQ in EC. Taken together, these findings suggest that
POLAQ is upregulated in EC, and is associated with aggressive
clinicopathological features and poor prognosis, potentially
contributing to tumor progression, although it does not serve
as an independent prognostic factor.

POLQ expression is associated with an immunosuppres-
sive tumor microenvironment in EC. To further elucidate the
biological role of POLQ in EC, its association with the tumor
immune microenvironment was evaluated using TCGA data.
GSEA suggested that aberrant POLQ expression could affect
the infiltration of multiple immune cell populations, with signif-
icantly reduced infiltration of T cells and natural killer (NK)
cells in the high POLQ expression group compared with the low
POLQ expression group (Fig. 2A). Consistently, analysis using
the ESTIMATE algorithm revealed that stromal, immune and
composite ESTIMATE scores were significantly decreased in
EC samples with high POLQ expression (Fig. 2B). Furthermore,
correlation analyses demonstrated that POLQ expression was
weakly negatively correlated with CD8* T-cell infiltration, and
was also negatively correlated with the infiltration of NK cells
and dendritic cells, while showing a positive correlation with T
helper 2 cells (Fig. 2C). Notably, POLQ expression exhibited
a weak but statistically significant positive correlation with
immune checkpoint-related molecules, particularly with CD274
(PD-L1I; Fig. 2D). Consistent with these findings, the expression
levels of CD274, lymphocyte activation gene 3, programmed
cell death 1 ligand 2, and T cell immunoreceptor with Ig and
ITIM domains were significantly increased in POLQ-high
EC samples compared with in POLQ-low samples (Fig. 2E).
Further correlation analyses confirmed a weak but statistically
significant association between POLQ and CD274 (PD-L1)
expression (Fig. 2F), as well as a notable association between
POLQ expression and microsatellite instability score (Fig. 2G)
. Collectively, these findings suggest that elevated POLQ
expression is associated with an immunosuppressive tumor
microenvironment in EC, characterized by reduced cytotoxic
immune cell infiltration and increased expression of immune
checkpoint-related molecules.

POLQ expression is positively associated with Ki67* cells
and PD-LI expression in EC. Ki67, a well-established marker
of cellular proliferation, was employed to investigate the
association between POLQ expression and tumor growth in
EC. In parallel, the expression levels of CD274 (PD-L1), an
immune checkpoint molecule with immunosuppressive func-
tions, were also detected. Using IHC assays, the association
between POLQ expression, proliferative activity and immuno-
suppressive signaling was assessed in EC tissues. The results
demonstrated that the proportion of Ki67* cells was signifi-
cantly higher in the POLQ-high subgroup compared with
that in the POLQ-low subgroup (Fig. 3A and B). Consistently,
POLQ expression levels, quantified by IHC scoring, showed
a significant positive correlation with the percentage of Ki67*
cells (Fig. 3D). In addition, PD-L1 expression was mark-
edly increased in POLQ-high EC tissue samples compared
with that in POLQ-low tissues (Fig. 3A and C), and POLQ
expression was positively associated with PD-L1 levels
(Fig. 3E), thus indicating that POLQ upregulation could be
involved in the establishment of an immunosuppressive tumor
microenvironment in EC.

POLQ upregulation is associated with cell cycle progres-
sion and DNA repair pathways in EC. To elucidate the
potential molecular mechanisms underlying the effects
of POLQ on EC, GSEA and KEGG enrichment analyses
were performed to identify molecular pathways associated
with differential POLQ expression. GSEA revealed that
EC samples with high POLQ expression were significantly
enriched in pathways associated with tumor cell prolifera-
tion, DNA repair, the G,/M cell cycle checkpoint and DNA
replication (Fig. 4A). Hallmark pathway analysis further
confirmed strong associations between POLQ upregulation
and DNA repair [normalized enrichment score (NES)=1.84;
P=0.008], as well as the G,/M checkpoint (NES=2.14;
P<0.001; Fig. 4B). Consistently, KEGG pathway analysis
revealed that high POLQ expression was significantly asso-
ciated with ‘cell cycle’ (NES=2.10; P=0.002) and ‘DNA
replication’ (NES=1.96; P<0.001), both of which are critical
drivers of tumor cell proliferation and progression (Fig. 4C).
Differentially expressed genes (DEGs) between POLQ-high
and POLQ-low groups are presented in Fig. 4D. Subsequent
GO enrichment analysis of these DEGs further indicated
that aberrant POLQ expression predominantly affected EC
tumorigenesis and progression through regulation of the
‘Cell Cycle, Mitotic’, ‘DNA Replication’ and ‘ATM pathway’
terms (Fig. 4E). These findings suggested that POLQ could
promote EC progression by enhancing DNA repair capacity
and facilitating cell cycle progression.

POLQ promotes EC cell proliferation, migration, invasion
and epithelial-mesenchymal transition (EMT) in vitro. To
investigate the biological role of POLQ in EC in vitro, the
HEC-1-B and Ishikawa cell lines were selected. Firstly,
POLQ expression at both the mRNA and protein levels
was assessed following cell transfection with si-NC,
si-POLQ#1 or si-POLQ#2 for 48 h. The results showed
that both si-POLQ#1 and si-POLQ#2 efficiently suppressed
POLQ expression compared with that in the si-NC group
(Fig. 5A and B). Functional assays demonstrated that POLQ
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knockdown markedly inhibited HEC-1-B and Ishikawa cell
proliferation, as evidenced by the CCK-8 assays (Fig. 5C)
and reduced EdU incorporation (Fig. 5D). Consistently,
colony formation ability was significantly reduced in
POLQ-silenced cells (Fig. 5E). Transwell assays further
revealed that POLQ knockdown notably impaired both the
migratory and invasive capacities of HEC-1-B and Ishikawa
cells (Fig. 5F), while wound healing assays confirmed a

pronounced reduction in cell migration following POLQ
silencing (Fig. 5G). At the molecular level, western blot
analysis demonstrated that POLQ knockdown modulated
the expression levels of EMT-related proteins, character-
ized by E-cadherin upregulation, and downregulation of
N-cadherin and vimentin (Fig. SH). These results suggested
that POLQ could promote EC progression by facilitating
EMT.


https://www.spandidos-publications.com/10.3892/or.2026.9097

8 ZHU et al: TARGETING POLQ IN ENDOMETRIAL CANCER

POLQ-high

B C
—_ P < 0.001
o\030 8 —
v S
8 20 @
2 24
210 i L]
Q. [
5 2 =
5 o
£ 0 0 g
g2 5 2 2
g & g g
5 2z 5 3
o 8 o o
D _ ,,_r=061P<0001
& °
P9 ) o
= o o
o o o
o) o
2 o
‘@
g o
~ o
© o
¥4
POLQ IHC score
E 4.r=048P<0.001
o
§6- o oo o
(6}
L 4400 o oo o
: (o] (o] o
A 29000 o oo o
o oo
O T hd Y
0 4 8 12

POLQ IHC score
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POLQ regulates apoptosis and cell cycle progression via the
ataxia-telangiectasia mutated (ATM)/P53 pathway in EC cells.
Flow cytometric analysis revealed that POLQ knockdown
significantly promoted HEC-1-B and Ishikawa cell apoptosis
compared with that in the si-NC group (Fig. 6A). In addition,
POLAQ silencing significantly altered cell cycle distribution,
with a decreased proportion of cells in the G,/M phase, indi-
cating impaired cell cycle progression (Fig. 6B). Consistently,
RT-qPCR analysis demonstrated that knockdown of POLQ
markedly reduced the expression levels of key cell cycle-related
regulators, including P21, cyclin-dependent kinase 1 (CDK1)
and cyclin B1 (CCNBI) (Fig. 6C). At the protein level, western
blot analysis confirmed that POLQ knockdown could mark-
edly decrease the protein expression levels of phosphorylated
(P)-P53, P21, CDK1, CCNBI, P-ATM and P-checkpoint
kinase 2 (CHK?2) in both HEC-1-B and Ishikawa cells (Fig. 6D).
Collectively, these results indicated that POLQ could regulate
cell cycle progression and apoptosis in EC cells by modulating
the ATM-mediated P53 signaling pathway.

Discussion
EC is one of the most common gynecological malignan-

cies, with a steadily increasing global incidence (25). Its
pronounced histological and molecular heterogeneity is

reflected by distinct genomic alterations, including TP53 and
POLE mutations, as well as recurrent somatic copy number
alterations such as HER-2 amplification (26,27). It has been
reported that POLQ, a highly conserved DNA polymerase
that mediates an alternative DSB repair pathway, known as
POLQ-mediated end joining, is upregulated in several types
of cancer, including gastric cancer, cervical cancer, pancre-
atic carcinoma, breast cancer and lung adenocarcinoma,
thus conferring survival advantages to cancer cells and
promoting tumor progression (10,12,14,16,28,29). The results
of the present study revealed significant POLQ upregulation
in EC tumors compared with in normal endometrial tissues, as
evidenced by integrated bioinformatics analysis and validation
in a human tissue cohort. These findings suggested that POLQ
could represent a promising therapeutic strategy for inhibiting
EC initiation and progression.

Tumor cells are frequently subjected to DNA damage,
including DSBs and mutations, which should be efficiently
repaired to maintain cellular function (30). POLQ serves a
critical role in repairing such DNA injuries, thereby supporting
tumor cell survival, continuous proliferation and resistance to
cell death. Acting as a tumor promoter, POLQ can affect several
cellular processes through distinct regulatory networks. For
example, Yao et al (10) demonstrated that POLQ knockdown
could inhibit cell cycle progression by suppressing the expression
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of proteins associated with the G,/M and S/M phases of the cell
cycle in colorectal cancer. In addition, Pan et al (31) reported that
POLQ depletion could disrupt the progression of hepatocellular
carcinoma by impairing cell proliferation, whereas Li et al (32)
showed that POLQ silencing suppressed tumor growth via acti-
vation of the cyclic GMP/AMP synthase (cGAS)/stimulator of
interferon genes (STING)/interferon-stimulated genes pathway
in esophageal squamous cell carcinoma. Furthermore, POLQ
has been reported to be involved in maintaining cancer stem-
ness and conferring resistance to ferroptosis in gastric cancer
cells (12). Collectively, the aforementioned studies from other
malignancies suggest that POLQ upregulation may be associ-
ated with poor survival in EC, primarily via enhancing DNA
repair capacity, sustaining replication and promoting G,/M cell
cycle progression.

Consistent with the aforementioned observations, the
analysis of TCGA-EC cohort in the present study revealed a
significant association between POLQ expression and clinico-
pathological features, including clinical stage and histological
grade. Elevated POLQ expression was also significantly asso-
ciated with worse OS and DSS, thus highlighting its potential
prognostic value in EC. Consistently, POLQ expression was
positively associated with Ki67* proliferation index, further
supporting its role in promoting tumor cell proliferation.
Functional experiments further verified that POLQ can
enhance EC cell proliferation and progression. Nevertheless,
the relatively limited sample size underscores the need for vali-
dation in larger cohorts, as well as in vivo studies and potential
clinical trials to fully elucidate the therapeutic relevance of
POLQ in EC.
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Figure 5. Aberrant POLQ expression affects cell proliferation and invasion in endometrial cancer cell lines. (A) mRNA and (B) protein expression levels of
POLQ in HEC-1-B and Ishikawa cells transfected with si-NC, si-POLQ#1 and si-POLQ#2. Results of the (C) CCK-8 assay, (D) EdU experiment (scale bar,
50 pum), (E) colony formation assay, (F) Transwell assays (x10 magnification; scale bar, 200 ym) and (G) wound healing assay of transfected HEC-1-B and
Ishikawa cells (x10 magnification; scale bar, 200 ym. (H) Western blotting of proteins related to epithelial-mesenchymal transition in HEC-1-B and Ishikawa
cells transfected with si-NC, si-POLQ#1 and si-POLQ#2. For each cell line, western blot analyses were performed using samples derived from the same
experimental panel and normalized to the same loading control antibody (f3-tubulin). All experiments were performed in triplicate. “P<0.01,“P<0.001. NC,

negative control; POLQ, DNA polymerase 0; si, small interfering.

Tumor-immune homeostasis serves a critical role in tumor
initiation and progression. Activation of the PD-L1 signaling
pathway can enable tumor immune evasion, whereas its
inhibition can enhance endogenous antitumor immunity (33).
Notably, POLQ inhibition has been reported to activate the
cGAS/STING pathway, thereby promoting immune cell infil-
tration (17,32). In bladder cancer, the combined assessment
of POLQ and PD-L1 expression could serve as a predictor
of immunotherapy efficacy (34), thus suggesting a role for

POLQ in modulating the tumor microenvironment. In line
with these findings, the present study revealed that high POLQ
expression was associated with reduced immune and stromal
scores, and diminished infiltration of antitumor immune cells,
including CD8* T cells and NK cells. Furthermore, POLQ
expression was positively correlated with PD-L1 levels in both
TCGA dataset and validation cohort, although the correla-
tion in the TCGA dataset was weak, suggesting a potential
association between POLQ and the immunosuppressive
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ATM-CHK?2-mediated DNA damage response signaling in endometrial cancer cell lines. (A) Apoptosis analysis and (B) cell cycle analysis of HEC-1-B and
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Figure 7. Schematic diagram. POLQ is upregulated in EC and drives tumor progression by activating ATM/P53 signaling, inducing EMT through cadherin
switching, and promoting an immunosuppressive microenvironment via PD-L1 upregulation. POLQ upregulation is associated with aggressive clinicopatho-
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tumor microenvironment in EC. The present study primarily
focused on characterizing the immunosuppressive landscape
associated with POLQ expression, with particular attention
to PD-L1 expression and the infiltration of T cells and NK
cells. Although these analyses provide initial insights into the
potential immunoregulatory role of POLQ, a comprehensive
evaluation of immunotherapy response and additional immune
cell subtypes was beyond the scope of the current work.
Therefore, further studies incorporating functional assays,
broader immune profiling and immunotherapy-related models
will be required to fully elucidate the role of POLQ in tumor
immune regulation.

GSEA indicated that POLQ was primarily involved
in cell cycle regulation, DNA repair and DNA replication,
consistent with its key role in the DNA damage response
(DDR). Previous studies have suggested that POLQ inhibi-
tors enhance radiosensitivity in human colorectal cancer
(HCT116), non-small cell lung cancer (H460) and bladder
cancer (T24) cell lines, as well as in mouse xenograft models
in preclinical settings (35) , highlighting its pivotal function
in DNA repair. DNA damage commonly arising from meta-
bolic processes and environmental factors can activate DDR
mechanisms designated to maintain genomic stability (36).
In the current study, POLQ expression was associated with
the ATM signaling pathway, a key regulator of multiple DDR
cascades. Upon the occurrence of DSBs, ATM is activated
through autophosphorylation at Ser1981 (37). In vitro experi-
ments demonstrated that POLQ knockdown inhibited EC cell
proliferation, invasion and metastasis. Mechanistically, POLQ
depletion reduced the phosphorylation of ATM and CHK?2,
suggesting impaired activation of the DNA damage response
pathway, which may subsequently influence downstream
signaling pathways, including the P53 signaling pathway and

its downstream effectors, such as P21, CDK1 and CCNBI.
Consequently, POLQ inhibition altered cell cycle distribution,
characterized by a reduced proportion of cells in the G,/M
phase, and promoted apoptosis.

Synthetic lethality represents a key strategy in anticancer
drug development. Preclinical studies have shown that POLQ
inhibitors can act synergistically with poly(ADP-ribose)
polymerase (PARP) inhibitors to overcome resistance to
PARP-targeted therapies (9,38). Recently, POLQ-targeting
compounds, including novobiocin, have been identified as
potential anticancer agents (39). Therefore, investigating
the role of POLQ in EC could provide novel insights into
the development of efficient synthetic lethal therapies, thus
offering novel therapeutic strategies for patients with EC.

Collectively, the current study provided a comprehensive
analysis of POLQ upregulation in EC, demonstrating its
association with poor prognosis based on multiple public
databases and clinical specimens. POLQ expression was
positively correlated with Ki67 and PD-L1, thus supporting
its involvement in tumor cell proliferation and immunosup-
pression. In vitro experiments further showed that POLQ
could facilitate G,/M-phase cell cycle progression, activate
the ATM-mediated P53 signaling pathway and promote EMT
in EC cells, as summarized in Fig. 7. Taken together, these
findings highlighted POLQ and its associated pathways as
potential prognostic biomarkers and therapeutic targets in
EC. Although elevated POLQ expression was associated with
a poor prognosis, multivariate Cox regression analysis indi-
cated that POLQ was not an independent prognostic factor.
This represents an important limitation of the present study,
suggesting that POLQ alone may not be sufficient as a stand-
alone prognostic biomarker and may instead function as part
of a broader regulatory network. Future studies incorporating
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larger, independent cohorts, integrated biomarker analyses
and mechanistic investigations will be required to further
define the prognostic relevance of POLQ. In addition,
prospective studies are needed to assess whether POLQ may
have clinical value in combination with other established
prognostic factors.
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