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Abstract

Radioresistance remains a major obstacle to efficacious radiotherapy in non-small-
cell lung cancer (NSCLC). DNA replication proteins are novel targets for radiosensitiz-
ers. POLQ is a DNA polymerase involved in DNA damage response and repair. We
found that POLQ is overexpressed in NSCLC and is clinically correlated with high
tumor stage, poor prognosis, increased tumor mutational burden, and ALK and TP5
mutation status; POLQ inhibition impaired lung tumorigenesis. Notably, POLQ ex-
pression was higher in radioresistant lung cancer cells than in wild-type cancer cells.
Moreover, POLQ expression was further increased in radioresistant cells after radia-
tion. Enhanced radioresistance is through a prolonged G2/M phase and faster repair
of DNA damage, leading to reduced radiation-induced apoptosis. Novobiocin (NVB),
a POLQ inhibitor, specifically targeted cancer cells. Genetic knockdown of POLQ or
pharmacological inhibition by NVB decreased radioresistance in lung adenocarcinoma
while causing little toxicity to normal pulmonary epithelial cells. In conclusion, POLQ
is a promising and practical cancer-specific target to impair tumorigenesis and en-

hance radiosensitivity in NSCLC.
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1 | INTRODUCTION

Lung cancer is aleading cause of tumor-related death. Lung adenocarci-
noma is the most common subtype of lung cancer.! Chest radiotherapy
is crucial for patients with thoracic mali,c:znancies.2 However, radioresis-
tance limits the efficacy of radiotherapy. Accordingly, the mechanisms
of radioresistance in lung cancer have been a major research topic over
the past few years. However, a clinically effective radiosensitizer that
overcomes radioresistance has not yet been identified.

DNA replication is a fundamental process in all living organisms.
Sustained proliferation in cancer cells induces genomic instability
and immune escape from apoptosis.> DNA polymerases are enzymes
that synthesize DNA during replication and protect cells against DNA
damage.* POLQ is an error-prone DNA repair enzyme that is involved
in the repair of DNA DSBs through alt-EJ; this is the main pathway
in which POLQ is involved in the genomic toxicity of DNA damag-
ing agents.s"’ Notably, alt-EJ is considered a mere backup DNA repair
pathway due to its high mutagenicity. Normal tissue cells express no
or low levels of POLQ.7 However, cancer cells often gain mutations
in DNA repair genes and respond by rewiring their DNA repair net-
work to utilize compensatory pathways for survival,® making POLQ
essential in certain cancers. POLQ is overexpressed in many cancers,
and upregulation is associated with poor prognosis.8 POLQ overex-
pression is associated with increased somatic mutation load in LUAD.”
POLQ knockdown interrupts the development and progression of he-
patocellular carcinoma.l® In addition, POLQ is synthetic lethal with
many genes involved in HR, including BRCA1/2.1! POLQ may be a
promising novel target in overcoming drug resistance to poly(ADP-
ribose) polymerase (PARP) inhibitors in BRCA1/2 mutated tumors.

Polymerase 0 inhibitors, currently in development, are soon to
be tested in clinical trials.> Recent studies have shown that the an-
tibiotic NVB, a novel specific POLQ inhibitor, selectively kills HR-
deficient tumor cells in vitro and in vivo.*? Radiotherapy induces
excessive DNA lesions that affect DNA integrity and DNA replica-
tion®3; therefore, targeting POLQ may enhance the radiosensitivity
of lung cancer. A previous study has indicated that the lack of POLQ
radiosensitizes bone marrow stromal cells in vitro and increases re-
ticulocyte micronuclei after total-body irradiation.** Another study
described how POLQ knockdown resulted in radiosensitization of la-
ryngeal, bladder, pancreas, and cervix cancer cell lines using a siRNA
screen.’® However, the role of POLQ in lung cancer radioresistance
has not yet been elucidated.

Thus, this study aimed to explore the association of POLQ with
the characteristics and prognosis of patients with lung cancer. We
used transcriptomic data derived from TCGA and IHC staining anal-
ysis of LUAD tissue microarrays. We showed that POLQ is overex-
pressed and predicts a poor prognosis in patients with LUAD and
that targeting POLQ will significantly hinder lung tumorigenesis.
Moreover, we found that POLQ is upregulated in radioresistant lung
cancer cells. Genetic or pharmacologic inhibition of POLQ overcomes
radioresistance in LUAD while having a minimal effect on normal
cells. These indicate that POLQ and its inhibitor NVB are a promising
cancer-specific therapeutic target and radiosensitizer, respectively.

2 | MATERIALS AND METHODS

2.1 | Data source, cell culture, and antibodies and
reagents

mMRNA expression and corresponding clinical data for LUAD were
collected from TCGA dataset and the GEO dataset (GSE19804). The
human lung cancer cell lines A549, H1299, H446, and H69. and the
human bronchial epithelial cell line BEAS-2B were purchased from
the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
The cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum at 37°C in 5% carbon dioxide. All cell lines
were regularly tested for contamination with mycoplasma or other
pathogens and authenticated using short tandem repeat profiling.
The PHBE cells were isolated and cultured from freshly surgically
removed human lung tissue as described previously.*

The primary antibodies used in this study were anti-POLQ
(Thermo Fisher Scientific; SAB1402530; 1:1000 and Sigma,
SAB1402530; 1:1000) and anti-GAPDH (Abclonal; AC002; 1:5000).
The secondary antibodies used as follows: anti-mouse (Proteintech;
SA00001-1; 1:5000) and anti-rabbit (Proteintech; SA00001-2;
1:5000). The reagent used was novobiocin (Selleck; $2492).

2.2 | Construction of radioresistant H1299
cell lines

The Varian Vital Beam Linear Accelerator (Varian Medical Systems)
delivered a total X-ray radiation dose of 138 Gy. The cells were irra-
diated with 6 Gy every 3days (dose rate of 4 Gy/min, source-surface
distance of 100cm).

2.3 | POLQ silencing by small interfering RNA
Transfection of POLQ siRNA and negative control siRNA was per-
formed using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer's instructions. POLQ siRNA was used for pooling, mix-
ing siRNA-1 and siRNA-2 in a 1:1 ratio. Transfection efficacy was
detected using western blotting 48 h post-transfection. The siRNA
sequences were as follows: Scramble siRNA, 5-UUCUCCGAACG
UGUCACGU-3’; SiPOLQ-1, 5-CGGGCCUCUUUAGAUAUAAAU-3";
SiPOLQ-2, 5-GCUGACCAAGAUUUGCUAUAU-3'.

24 | EdU essay

The EdU Cell Proliferation Kit (Beyotime) was used to detect the
proliferation ability of lung cancer cells, following the manufac-
turer's instructions. Briefly, 48 h after siRNA transfection, EAU was
added to the cells and incubated for 2 h; after which, the cells were
fixed and washed again. Following permeabilization, click additive
solution was added to the cells and incubated for 30min. Finally,
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cells were stained with Hoechst 33342 for 10 min, observed, and

photographed under a microscope.

2.5 | Immunohistochemistry

A LUAD tissue microarray consisting of tumor and paired
adjacent nontumor tissue samples from 98 patients with
LUAD was purchased from Outdo Biotech (Shanghai, China).
Immunohistochemistry assays were performed as previously de-
scribed.’” POLQ primary antibody (Thermo Fisher Scientific; PA5-
115130; 1:200) was used. The immunohistochemistry score was
defined as the product of the staining intensity and the positively
stained area; this was assessed by two independent pathologists.
Low and high expression levels were defined as an immunohis-
tochemistry score of <6 and 26, respectively. Staining intensity
was also categorized based on the immunohistochemistry score
as negative, weak, moderate, and strong for scores of O, 1, 2, and
3, respectively. In addition, positively stained areas were also cat-
egorized based on the score as 0%-25%, score 1; 26%-50%, score
2; 51%-75%, score 3; and > 75%, score 4.

2.6 | Quantitative reverse transcription-
polymerase chain reaction

Total RNA was extracted from the cells using TRIzol reagent
(Invitrogen) according to standard procedures. gRT-PCR was per-
formed using SYBR Premix Ex Taq reagents (TaKaRa) in two steps
according to the manufacturer's instructions. The primer sequences
of POLQ were as follows: F: TATCTGCTGGAACTTTTGCTGA; R:
CTCACACCATTTCTTTGATGGA.

2.7 | RNA sequencing

Irradiated and control A549 cells (n = 3) were lysed with TRIzol rea-
gent and sent for transcriptome sequencing in liquid nitrogen (BGI).
Total RNA was extracted from cells. Oligo(dT)-attached magnetic
beads were used to purify the mRNA. Single-stranded circular DNA
was used as the final library. The final library was amplified with
phi29 to form a DNA nanoball, which had more than 300 copies
of one molecule. DNA nanoballs (DNBs) were loaded into the pat-
terned nanoarray and single-end 50-base reads were generated on
the BGIseq500 platform (BGI). The original RNA-seq data generated
in the study were uploaded to the GEO under registration number
GSE211118.

The subsequent analysis and data mining were performed on
Dr. Tom multiomics data-mining system (https://biosys.bgi.com).
Gene expression levels were calculated using RSEM (v1.3.1).*8 The
heatmap was drawn using pheatmap (v1.0.8) according to the gene
expression difference in different samples. Differential expression
analysis was performed using DESeq2 (v1.4.5) with a Q-value of
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<0.05.? Functional enrichment analyses, including GO?° enrich-

ment and GSEA, were performed.

2.8 | Cell clonogenic survival assay

The same numbers of lung cancer cells with different treatments
were implanted in 6-well plates, and different doses of radiation
were delivered the next day. After ~2weeks, the cells were fixed
and stained. The numbers of colonies were then counted and com-
pared between groups. The single-hit multitarget model was used to
calculate the surviving fraction, which was performed as previously
described.?!

2.9 | Immunofluorescence

Approximately 5000 lung cancer cells were seeded in 24-well plates
coated with sterile glass coverslips. The next day, the cells were irra-
diated with 6 Gy of X-rays and then fixed with 4% paraformaldehyde
after 24 h. The cells were permeabilized with PBS containing 0.2%
Triton X-100 for 15min. Next, the cells were blocked with 5% bo-
vine serum albumin and incubated with yH2AX primary antibodies
(Abcam; ab81299; 1:500) at 4°C overnight. The next day, the cells
were washed and incubated with secondary antibodies. The cells
were then stained with DAPI, observed, and photographed under a

fluorescence microscope.

2.10 | Neutral comet assay
The Comet Assay Kit (Trevigen) was used to detect the level of DSB
of lung cancer cells after radiation according to the manufacturer's

instructions as previously described.?!

2.11 | Cell cycle distribution

The cell cycle distribution of lung cancer cells was examined using
the Cell Cycle and Apoptosis Analysis Kit (Beyotime). Briefly, lung
cancer cells were collected 24 h after irradiation. Then, the cells
were fixed with 70% ethanol overnight. The next day, the cells
were stained with propidium iodide staining solution for 30 min.
The stained cells were then analyzed by flow cytometry using a
FACSCalibur system.

2.12 | Measurement of cell apoptosis and in vivo
experiments

The lung cancer cells were collected and fixed 48h after radiation.
Cell apoptosis was detected using the Annexin V-FITC Apoptosis
Detection Kit (Beyotime) following the manufacturer's instructions.
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For the in vivo experiments, female 6-week-old BALB/c nude
mice were raised at the Tongji Medical College of Huazhong
University of Science and Technology. All animal procedures were
performed according to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Mice were randomly divided into four groups. A549 cells (5 x 10%)
were injected subcutaneously. NVB was administered intraperito-
neally at 15mg/kg starting from the day when the tumor volume
reached 120mm?®. NVB treatment was given every 3days and con-
tinued for 2weeks. The tumors were irradiated with a 10-Gy dose
the next day after the first NVB dose. All tumors were measured
using Vernier calipers every 3days, and the tumor volume was calcu-
lated as follows: V = (Lx W?)/2, where V = volume (mm®), L = length
(mm), and W = width (mm).

2.13 | Statistical analysis

All experiments were repeated at least three times. Experimental
data were expressed as the mean+SEM for continuous variables.
In all experiments, categorical variables were compared between
groups using the ;{2 test, while continuous variables were compared
using Student's t-test (two-tailed) or analysis of variance, as appro-
priate. All data met the assumptions of the tests, and statistical tests
are justified as appropriate. Kaplan-Meier survival curves were plot-
ted to explore the association between POLQ expression and OS.
High or low POLQ expression was determined according to the me-
dian POLQ expression, and differences between the POLQ"" and
POLQ"®" curves were compared using the log-rank test. Specifically,
for Kaplan-Meier curves, p-values and hazard ratio with 95% CI
were generated by log-rank tests and univariate Cox proportional
hazards regression. The correlation between genes and pathway was
analyzed using the R software GSVA package, with the parameter as
method = ‘ssgsea’. To calculate single-sample gene set enrichment,
the GSVA program was used to derive the absolute enrichment
scores of gene sets from previous publications and previous ex-
perimentally validated gene signatures from MsigDB.?? Statistical
difference was analyzed using Spearman correlation. GSEA analy-
sis was performed to demonstrate the primary biological function
of POLQ.% The C2.cp.kegg.v7.0.symbols.gmt dataset was obtained
from the Molecular Signatures Database (MSigDB). NOM p-values
<0.05, INES| >1, and false discovery rate (FDR) g <0.25 were consid-
ered statistically significant. To determine the association between
POLQ expression and gene mutational frequency, the data of mu-
tations were downloaded and visualized using the maftools pack-

age in R software (R Foundation for Statistical Computing, Vienna,

Austria). Genes with higher mutational frequency in the high and low
POLQ expression groups were plotted in a histogram, and signifi-
cant differences were analyzed using the ;(2 test. Correlation analy-
sis between POLQ gene expression and tumor mutational burden
was performed using Spearman's correlation analysis. All statisti-
cal analyses were performed using R software v4.0.3 or SPSS 26.0
(IBM Corp). Differences were considered statistically significant at
p<0.05 (*p<0.05, **p<0.01, ***p<0.001, ***p<0.0001).

3 | RESULTS

3.1 | POLQ s overexpressed and predicts poor
prognosis in lung cancer

To determine the clinical significance of POLQ, mRNA expression
levels were analyzed based on LUAD data from TCGA database.
POLQ mRNA expression was markedly higher in LUAD tissues
than in adjacent nontumor tissues (Figure 1A). Analysis of the
GSE19804 dataset was consistent with that of the TCGA dataset
(Figure S1). In addition, high mRNA expression of POLQ was cor-
related with poor OS (Figure 1B) and high tumor stage. Meanwhile,
although the difference was not statistically significant, the me-
tastasis rate was higher in patients with high POLQ mRNA levels
(Figure 1C), indicating that POLQ is overexpressed in lung cancer
tumors and is related to a worse prognosis. Analysis of the as-
sociation between mRNA expression of POLQ and gene expres-
sions and mutations in LUAD showed that high POLQ expression
was associated with increased expression of immune checkpoint
proteins including PDL1, CTLA4, and LAG3 (Figure S2A). It was
also associated with increased TMB (Figure S2B), which has been
recognized as an immunotherapy biomarker.?* This indicated that
high POLQ expression might be clinically correlated with better
outcomes of ICB treatment. p53 is a key tumor suppressor that
is encoded by TP53, and loss of p53 function is frequently a pre-
requisite for cancer development.?®> The results showed that the
POLQ mRNA expression level was associated with the TP53 mu-
tation status (Figure S3). Genetic alterations in ALK have been
identified to promote tumorigenesis and have been detected in a
subset of NSCLC patients.26 The current study further found that
POLQ mRNA expression was associated with the ALK mutation
status (Figure S4). Collectively, these data suggested that POLQ
was associated with specific clinical characteristics of patients
with LUAD.

Consistent with these findings from TCGA analysis, results

at the protein level showed that POLQ expression was higher in

FIGURE 1 Polymerase 0 is overexpressed and associated with poor prognosis in lung adenocarcinoma. (A) The distribution of
POLQ expression in tumor tissues and adjacent normal tissues from the TCGA dataset. (B) Kaplan-Meier survival analysis by POLQ
expression in the TCGA dataset. (C) The distribution of clinical characteristics (stage and metastasis) in the samples from different
groups. (D) Representative immunohistochemical staining images of POLQ in lung cancer tissue and adjacent nontumor tissue from
lung adenocarcinoma tissue microarray. (E) Statistical analysis of the correlation between POLQ expression and tumor stage from lung
adenocarcinoma tissue microarray. (F) Kaplan-Meier survival analysis by POLQ expression.
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LUAD tissues than in adjacent nontumor tissues (Figure 1D). In ad-
dition, POLQ protein expression was correlated with tumor stage
and OS (Figure 1E,F). Moreover, consistent with mRNA data from
TCGA, high POLQ protein expression was associated with high
PDL1 protein expression (Figure S5). These results suggested that
POLQ was overexpressed in a majority of patients with LUAD and
was associated with advanced stage, poor prognosis, and PDL1

expression.

3.2 | POLQ promotes the growth and
proliferation of lung cancer cells

Given its overexpression in patients with LUAD, we hypothesized
that POLQ might function as an oncogene and promotes lung tu-
morigenesis. The results showed that POLQ protein expression was
higher in lung cancer cells than in the normal human lung epithelial
cell line BEAS-2B and the primary human lung bronchial epithe-
lial cell PHBE. POLQ protein expression was especially higher in
NSCLC cell lines (Figure 2A). To further investigate the correlation
between POLQ expression and lung tumorigenesis, POLQ expres-
sion was knocked down in lung cancer cells by siRNA silencing. Since
the transfection efficiency was not satisfactory using two separate
siRNA (Figure S6), siRNA was used as pooling (Figure 2B). POLQ
knockdown in A549 and H1299 lung cancer cell lines via siRNA sig-
nificantly reduced the growth and colony formation ability of H1299
and A549 (Figure 2C,D). EdU experiment revealed that the ratio
of EdU* cells decreased significantly, indicating that POLQ func-
tions as an oncogene and promoter of lung cancer cell proliferation
(Figure 2E).

3.3 | POLQis associated with DNA repair and is
upregulated in vitro after radiation in lung cancer

The bioinformatics analysis from TCGA revealed that POLQ func-
tion was focused on the DNA repair pathway, G2/M checkpoint
pathway, and DNA replication pathway (Figure 3A). GSEA analysis
also showed that the G2/M checkpoint pathway and DNA repli-
cation pathways were enriched (Figure S7). Therefore, we specu-
lated that POLQ might be involved in lung cancer radioresistance.
To determine the response of lung cancer cells after radiation, we
treated A549 with 10 Gy radiation, RNA was extracted 24 h later and
RNA-seq was performed. GO analysis showed that lung cancer cells
had highly upregulated genes associated with DNA damage repair
(Figure 3B). GSEA revealed that irradiated lung cancer cells strongly
expressed genes involved in the DNA damage checkpoint and p53
pathways (Figure 3C). The heatmap also showed that irradiated lung

cancer cells had upregulated genes that were closely associated
with DSB repair, including CDK1, CDK2, POLQ, CDC6, and RAD51
(Figure 3D).

To validate these data, mRNA and protein levels of POLQ were
measured in A549 and H1299 cell lines at different time points
after radiation. The results revealed that POLQ expression was
upregulated after radiation both at the mRNA and protein levels
(Figure 3E,F). To further determine the role of POLQ in radioresis-
tance, an H1299 radioresistant cell line (H1299'RR) was constructed
and confirmed by cell clonogenic survival assay (Figure 3G). A
comparison of POLQ mRNA expression between wild-type cells
(H1299"T) and radioresistant cells showed that POLQ was upregu-
lated in radioresistant cells (Figure 3H). Further analysis of POLQ ex-
pression at the protein level in H1299YT and H1299'RR cells before
and after radiation showed that, after radiation, POLQ expression
was higher in H1299'"R cells than in H1299VT cells (Figure 31). These
data suggest that POLQ played a potential role in the radiosensitiv-
ity of lung cancer.

3.4 | POLQsilencing enhances in vitro
radiosensitivity in lung cancer

To evaluate whether POLQ promoted radioresistance, a clono-
genic survival assay was performed to examine the proliferation
ability after different doses of radiation. It showed that POLQ
knockdown enhanced the radiosensitivity of A549, H1299WT, and
H1299'RR cells (Figure 4A). The neutral comet assay also showed
that POLQ-deficient cells presented more severe DNA DSBs after
radiation (Figure 4B). An immunofluorescence assay was then per-
formed to evaluate the foci of YH2AX, a recognized sensor of DNA
strand breaks. It showed that POLQ knockdown cells had more DNA
damage-induced yH2AX foci (Figure 4C).

Activation of apoptosis and cell cycle arrest are critical responses
to acute DNA damage.27 Cell cycle distribution experiment in the
current study showed that control cells were arrested in the G2/M
phase after radiation. Importantly, G2/M cell cycle arrest after ra-
diation was significantly more attenuated in POLQ-deficient cells
(Figure 4D). To determine why POLQ knockdown induces growth
inhibition, flow cytometry was performed to determine the level
of apoptosis. The results showed that radiation alone resulted in a
higher apoptotic population of A549 and H1299"T cells than in con-
trol cells, while the apoptotic population remained nearly unchanged
in 1299'RR cells. Notably, POLQ knockdown markedly enhanced the
radiation-induced apoptosis in A549, H1299WT, and 1299'R cells
(Figure 4E). Collectively, these results indicated that POLQ played
a critical role in radiosensitivity in lung cancer, and POLQ silencing
reversed radioresistance.

FIGURE 2 Polymerase 0 promotes the proliferation ability of lung adenocarcinoma cell. (A) Protein levels of POLQ in different lung
cancer cell lines and normal human lung epithelial cells, with statistical analysis. (B) Western blot for the analysis of siRNA efficacy for POLQ
knockdown. (C) POLQ knockdown delays the growth of lung cancer cells. (D) POLQ knockdown impairs the colony formation ability of lung
cancer cells. (E) EAU essay showing that POLQ silencing inhibits the proliferation of lung cancer cells.
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3.5 | NVB inhibition of POLQ enhances in vitro
radiosensitivity in lung cancer

To explore the potential of NVB as a radiosensitizer through
POLQ inhibition, we performed an array of experiments to test
its efficacy. First, the 1C;,s of NVB in H1299 and A549 cell lines
were determined (Figure S8), and 100pM NVB was used in the
succeeding experiments. Clonogenic survival assay showed that,
similar to POLQ silencing, NVB treatment rendered lung cancer
cells more susceptible to radiation (Figure 5A). Moreover, neu-
tral comet assay showed that the olive tail moment was higher
in NVB-treated cells than in PBS-treated cells (Figure 5B).
Immunofluorescence staining revealed that DNA damage-induced
yH2AX foci were increased in NVB-treated cells (Figure 5C). In
addition, NVB treatment alleviated the G2/M phase arrest in-
duced by radiation (Figure 5D). The apoptotic population was
significantly higher after radiation in NVB-treated cells than in
PBS-treated cells (Figure 5E). Moreover, additional use of NVB
did not significantly change the cell cycle distribution and the ap-
optotic population in irradiated POLQ-silenced lung cancer cells,
further confirming the consistent effect of NVB and POLQ silenc-
ing on lung cancer cells and that these observed effects did not
result from off-target effects (Figure S9). These findings indicated
that NVB was a potential radiosensitizer.

3.6 | POLQ inhibition has minimal effect on normal
pulmonary epithelial cells

To investigate whether POLQ inhibition increased the toxicity
to normal pulmonary epithelial cells, POLQ knockdown was per-
formed using siRNA (Figure 6A). An EdU assay was first performed
on BEAS-2B cells. It showed that POLQ knockdown had little effect
on the proliferation ability of pulmonary epithelial cells (Figure 6B).
Next, we explored whether POLQ inhibition alters the radiosen-
sitivity of normal cells. Immunofluorescence staining revealed
that the DNA damage-induced yH2AX foci were not significantly
increased in POLQ-silenced or NVB-treated cells compared with
controls after radiation (Figure 6C). In addition, POLQ silencing
or NVB treatment did not change the cell cycle distribution or the
apoptotic population of normal cells after radiation (Figure 6D,E),
strongly supporting that POLQ inhibition led to cancer-specific
radiosensitization.

3.7 | NVB mitigates lung cancer progression and
enhances radiosensitivity in vivo

The experimental workflow of the mouse xenograft is shown in
Figure 7A. NVB treatment alone did not significantly reduce tumor
growth, but tumor growth was impaired more significantly when
NVB and X-ray radiation were combined than with radiation alone
(Figure 7B,C). Immunohistochemistry revealed that Ki67 expression
of tumor cells was markedly suppressed when NVB and radiation
treatment were combined (Figure 7D). These results suggested that
NVB could be a promising drug for tumor regression and radiosen-
sitization in LUAD.

4 | DISCUSSION

This study found that POLQ is overexpressed in lung cancer and is
clinically correlated with advanced tumor stage, worse prognosis,
high TMB score, and TP53 and ALK mutation status. Thus, POLQ
expression is a potential biomarker. In addition, POLQ is upregulated
in radioresistant lung cancer cells, promoting tumorigenesis and
radioresistance. Moreover, this study found that NVB inhibition of
POLQ overcame radioresistance. To the best of our knowledge, this
study is the first to report that NVB, as a POLQ inhibitor, enhances
in vitro and in vivo radiosensitivity in lung cancer.

The DNA repair enzyme POLQ, an error-prone translesion poly-
merase, is also involved in DNA DSB repair and is often upregulated
in cancer.’ DSB is the most severe DNA damage, and may lead to
genomic rearrangements and cell death.” POLQ participates in
alt-EJ, a pathway required for HR-deficient cancers.?®?? alt-EJ re-
pair often introduces characteristic sequence alterations including
microhomology-flanked deletions and templated insertions,3%3!
which may result in tumor cell survival and gain of new malignant
biological capabilities. POLQ overexpression has been reported in
several cancers including hepatocellular carcinoma, prostate can-
cer, and breast cancer.'%%23 The current study found that POLQ
was associated with a poor prognosis, high expression of immune
checkpoint point proteins, high TMB score, and ALK and TP53 muta-
tion status in LUAD. The abnormalities in DNA damage repair path-
ways were closely linked with the development of malignancies and
the upregulation of these pathways was linked with resistance to
treatment.3* Changes in the DNA repair pathway were correlated

with the efficacy of ICB, partially due to immune recognition of

FIGURE 3 Polymerase 0 is upregulated after radiation and is associated with radiosensitivity in lung cancer. (A) The correlations between
POLQ and pathway score. (B) GO analysis of signaling pathways affected by radiation in A549 cells. (C) GSEA plots showing enrichment of
the DNA damage checkpoint pathway and p53 pathway in the irradiated A549 cells. (D) Heatmap showing the change in genes correlated
with DNA damage repair. (E) gRT-PCR showing that the mRNA level of POLQ expression is increased after irradiation in A549 and H1299
cells. (F) Western blot showing that the protein level of POLQ is increased after irradiation in A549 and H1299 cells (* indicates the
predicted POLQ band). (G) Cell clonogenic survival assay confirming the establishment of an H1299 radioresistant cell line. (H) gRT-PCR
showing mRNA levels of POLQ in H1299%T and H1299'RR cells. (I) Western blot showing that the protein level of POLQ is increased after

radiation in H1299'RR cells.
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FIGURE 4 Polymerase 0 silencing
enhances in vitro radiosensitivity in lung
cancer. (A) Clonogenic survival assay
showing that POLQ silencing enhances
radiosensitivity in A549, H1299"T, and
H1299'RR cells. (B) Neutral comet assay
showing the effect of POLQ silencing

on tail formation. (C) Representative
immunostaining images and quantification
showing yH2AX foci 24 h after irradiation
(6 Gy). A cell containing 210 foci is
considered foci-positive. (D) Cell cycle
distribution is detected in A549, H1299"VT,
and H1299'"R cells 24 h after irradiation

(6 Gy). (E) POLQ silencing increases
radiation-induced cell apoptosis in A549,
H1299"T, and H1299'" cells 48 h after
irradiation (6 Gy).
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FIGURE 5 Polymerase 0 inhibition
with NVB impairs in vitro radioresistance
in lung cancer. (A) The effect of NVB on
colony formation ability after irradiation
in A549, H1299'T, and H1299'" cells. (B)
Representative images of neutral comet
assay performed 4 h after radiation in
lung cancer cells pretreated with NVB or
PBS for 24 h. (C) Representative images
and quantification of yH2AX foci in A549,
H1299WT and H1299'RR cells pretreated
with NVB. (D) Cell cycle distribution is
examined in NVB- or PBS-treated lung
cancer cells 24 h after irradiation (6 Gy).
(E) NVB treatment increases radiation-
induced cell apoptosis in A549, H1299WT
and H1299'RR cells 48 h after irradiation
(6Gy).
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FIGURE 6 The effect of POLQ knockdown on normal pulmonary epithelial cells. (A) Analysis of the siRNA efficacy for POLQ knockdown
using qRT-PCR. (B) EdU essay showing that POLQ silencing does not inhibit the proliferation of BEAS-2B cells. (C) Representative images
and quantification of yH2AX foci in BEAS-2B cells pretreated with POLQ siRNA or NVB. (D) Cell cycle distribution is examined in POLQ-
silenced or NVB-treated BEAS-2B cells 24 h after irradiation (6 Gy). (E) The apoptotic rate was examined in POLQ-silenced or NVB-treated

BEAS-2B cells 48 h after irradiation (6 Gy).
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FIGURE 7 The POLQ inhibitor NVB enhances in vivo radiosensitivity in lung cancer. (A) Schematic graph of the xenograft study design
and experimental workflow. (B) Images of xenografts implanted with A549 cells in different groups. (C) Growth curves of xenograft tumors
in different groups. (D) Representative images of immunohistochemical staining of Kié7 in xenograft tumors in different groups.

neoantigens, formed because of somatic mutation.®® Another
study demonstrated that DSB repair enhanced PDL1 expression
dependent on IRF1.3% However, the precise molecular mechanism
of POLQ-induced upregulation of immune checkpoint proteins and
the exact correlation between POLQ expression and ICB efficacy
remain to be explored. Our subsequent experiments revealed that
POLQ was abnormally upregulated and acted as an oncoprotein in
lung cancer cells. Considering its role in genomic instability and its
connection with patient characteristics, POLQ expression may be an
important biomarker for predicting the efficacy of immunotherapy
or targeted therapy of related mutation genes. Overall, POLQ can be
a promising target in lung cancer therapy.

Notably, we found a novel role for POLQ in lung cancer radio-
resistance. In H1299 radioresistant cell lines, POLQ expression was

significantly higher after radiation in H1299'RR cells than in wild-type
cells, indicating its crucial role in the repair of radiation-induced DSB.
Further, POLQ inhibition resulted in increased radiation-induced
DNA damage, attenuated G2/M cell cycle arrest, and increased cell
apoptosis, therefore making both radioresistant and wild-type lung
cancer cells more susceptible to ionizing radiation. Normal pulmo-
nary epithelial cells barely used alt-EJ for the repair of DNA damage,
and thus, POLQ inhibition has minimal effect on normal tissue as it
functions through the inhibition of cancer-specific alterations.”> Our
data revealed that POLQ contributed to radioresistance in lung can-
cer and is a promising therapeutic target.

Polymerase 0 inhibitors are currently in development.’ The
antibiotic NVB was recently identified as a specific POLQ inhibi-
tor that selectively killed HR-deficient tumor cells in vitro and in
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vivo.'? NVB-mediated POLQ inhibition impaired POLQ DNA re-
pair function and phenocopied POLQ depletion in human cells.!?
The current study demonstrated for the first time that NVB is ara-
diosensitizer in lung cancer. POLQ inhibition with NVB enhanced
radiosensitivity by augmenting DNA damage, attenuating G2/M
cell cycle arrest, and promoting cancer cell apoptosis, but it had a
minimal effect on normal pulmonary epithelial cells. Furthermore,
the mouse xenograft model showed that NVB significantly in-
creased the efficacy of radiotherapy and inhibited tumor growth.
These findings provide baseline evidence for future clinical trials
on the combination treatment of NVB and radiotherapy for lung
cancer.

In conclusion, POLQ is an oncoprotein that promotes radiore-
sistance in lung cancer. Accordingly, targeting POLQ impairs tumor-
igenesis and enhances radiosensitivity. In addition, NVB as a POLQ
inhibitor is a promising tumor suppressor and radiosensitizer in lung

cancer. Clinical trials on POLQ are warranted.
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