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PA1 cells containing a truncated DNA polymerase β protein are
more sensitive to gamma radiation
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Purpose: DNA polymerase β (Polβ) acts in the base excision repair (BER) pathway. Mutations in DNA
polymerase β (Polβ) are associated with different cancers. A variant of Polβ with a 97 amino acid deletion (PolβΔ), in heterozygous conditions with wild-type Polβ, was identified in sporadic ovarian tumor samples. This study aims to evaluate the gamma radiation sensitivity of PolβΔ for possible target
therapy in ovarian cancer treatment.
Materials and Methods: PolβΔ cDNA was cloned in a GFP vector and transfected in PA1 cells. Stable
cells (PA1PolβΔ) were treated with 60Co sourced gamma-ray (0–15 Gy) to investigate their radiation
sensitivity. The affinity of PolβΔ with DNA evaluated by DNA protein in silico docking experiments.
Results: The result showed a statistically significant (p < 0.05) higher sensitivity towards radiation at
different doses (0–15 Gy) and time-point (48–72 hours) for PA1PolβΔ cells in comparison with normal PA1 cells. Ten Gy of gamma radiation was found to be the optimal dose. Significantly more PA1PolβΔ cells were killed at this dose than PA1 cells after 48 hours of treatment via an apoptotic
pathway. The in silico docking experiments revealed that PolβΔ has more substantial binding potential
towards the dsDNA than wild-type Polβ, suggesting a possible failure of BER pathway that results in
cell death.
Conclusion: Our study showed that the PA1PolβΔ cells were more susceptible than PA1 cells to gamma radiation. In the future, the potentiality of ionizing radiation to treat this type of cancer will be
checked in animal models.
Keywords: DNA polymerase β, DNA repair, Ovarian epithelial carcinoma, Radiotherapy, Molecular
docking simulation

Introduction
Ovarian cancer is the third deadliest gynaecological cancer among
women. It is considered to be one of the most challenging conditions of all the gynaecological malignancies due to its poor prognosis at the early stage and its strong resistance to the standard
chemotherapeutic treatment regimen. The 80%–90% of all ovarian
tumors are sporadic; the rest are hereditary. In the absence of
proper detection and treatment, the 5-year survival rate of the
sporadic ovarian cancer patient is estimated to be around 25%. If

diagnosed and treated in time, the 5-year survival rate can go up
to 95%, while cancer has still not shown metastasis outside the
ovary [1]. The treatment procedure for this type of cancer is generally the application of platinum-based common chemotherapeutic
agents like carboplatin, or another type of chemotherapy, called a
taxane, such as paclitaxel, that however, may not be successful
since it often develops resistance against the agents in the patients. It has been reported that up to 25% of patients without tumor and a further 50%–60% with tumors may acquire “platinum
resistance” at some point during treatment [2].
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Strategies for overcoming chemo-resistance in ovarian cancer
include a combination of chemotherapeutic agents, platinum analogues, novel cytotoxic agents, alternative anti-microtubule agents,
alternative target, modulation of apoptotic signaling, etc., however,
with their pros and cons [3,4]. In recent years, targeting the DNA
repair system and protein has become promising in cancer treatment [5,6].
Base excision repair (BER) is one of the several repair pathways
responsible for removing small, non-helix-distorting base lesions
from the genome and repairing damaged DNA throughout the cell
cycle [7]. The DNA polymerase β (Polβ) is the smallest enzyme of
the BER pathway. Several enzymes involved in the BER pathway
interact with Polβ like DNA glycosylase, APE, PKNP, FEN1, PARP,
XRCC1, [8] etc. In our previous study, we reported an ovarian cancer-specific mutation in the DNA Polβ, with the deletion in exon
number 11–13, which could be detectable at an earlier stage of
cancer [9]. This mutation was found in the catalytic part of the
Polβ. Exon 11 had 29 amino acids in 208–236 nucleotide positions,
exon 12 consisted of 21 amino acids in the region of 237–258, and
exon 13 had 45 amino acids in position 259–304 nucleotides [10].
Ionizing radiation (IR) induces an array of DNA lesions, approximately 10,000 damaged bases, 1,000 single-strand breaks (SSBs)
and 40 double-strand breaks (DSBs) are produced per Gy per cell
[11,12]. Oxidative damage induced by IR is commonly corrected by
the BER pathway. If such lesions are not corrected, it results in cell
death by mitotic catastrophe and apoptosis [13-18].
Radiation therapy (RT) uses beams of intense energy to kill cancer cells to shrink tumors. Linear accelerators, which produce
megavoltage X-rays, are often used in modern days, but protons or
other types of energy can also be used. Radiation from the radioisotope 60Co produces stable, dichromatic beams of 1.17 and 1.33
MeV, resulting in average beam energy of 1.25 MeV that plays a
useful role in certain applications like Gamma Knife and is still used
worldwide [19]. RT is used at different stages of cancer treatment
and for different outcomes. It can be used (1) to alleviate symptoms in advanced, late-stage cancer (2) as the primary treatment
for cancer (3) in conjunction with other cancer treatments (4) to
shrink a tumor before surgery, or (5) to kill any cancer cells still remaining there even after surgery [20-22].
The exact molecular mechanism between IR and cells is unclear
[23]. Low doses of radiation generate reactive oxygen species (ROS)
like hydrogen peroxide (H2O2), hydroxyl radical (-OH), etc. [24].
These substances can enter the cell membrane and organelles, destroy protein, membrane phospholipid, and nucleic acid, resulting
in cell death or apoptosis. ROS is related to IR damage [25], which
endorses radiation damage to a certain extent. Low-dose of IR is
associated with low risk [26]. Higher doses of IR mostly caused cell
https://doi.org/10.3857/roj.2021.00689

death due to DNA damage by photons or charged particles [27]. IR
also results in indirect ionization, and it happens due to the ionization of water, as the principal constituent of the cell. The other organic molecules in the cell, which forms free radicals, such as hydroxyl (HO•) and alkoxy (RO2•), subsequently damage the DNA
[28,29]. Apart from the damages caused by water radiolysis products, cellular damage might involve reactive nitrogen species (RNS)
and other species [30].
In this backdrop, the mutation was mimicked in the PA1 cell line
(derived from ovarian teratocarcinoma cells) along with wild type
maintaining heterozygous condition. The effect of IR was studied
by evaluating their growth kinetics, ability to form colonies after
gamma (γ) radiation treatment, detecting the redox state of the
cells after treatment, assessment of cell cycle arrest, and finally
quantifying the number of the apoptotic cells. Further, in silico molecular docking study was performed to map the mechanism of anti-cancer property of IR.

Material and Methods
1. Preparation of stable cell line
1) Cloning of mutant Polβ (PolβΔ) into GFP vector
PolβΔ cDNA was cloned into a GFP vector in HindIII and BamHI
site. The insertion of the cDNA was confirmed by restriction digestion and sequencing.

2) Cell line
PA1 cells were obtained from the National Centre for Cell Science,
Pune, India. The stability of the cell line was confirmed by the short
tandem repeat (STR) profile by the supplier. Sixteen STR loci were
amplified. The STR profile of the tested cell line was found to 100%
match with the ATCC STR profile database.

3) Transfection of PolβΔ in PA1 cells and preparation of stable
cell line
PA1 cells were cultured in DMEM medium with 10% fetal calf serum (Gibco) and 100 U/mL penicillin and 100 U/mL streptomycin at
37°C in a humidified atmosphere with 5% CO2. Cells were plated at
24 well cell culture plate with 2 × 105 number of cells in each well
and allowed to attach for 24 hours before transfection. Five hundred ng of plasmid was transfected to each well using Lipofectamine 2000 reagent (Cat# 11668030; Thermo Fisher, Waltham,
MA, USA) as per instruction given in the kit. Transfected cells were
selected by G418 (500 μg/mL) containing medium.
Initially, a selective medium was changed a week thrice for 2–3
weeks to remove the debris of the dead cell and allow it to grow
transfected cells. The expression of the mutated Polβ protein was
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confirmed by western blot analysis using anti-Polβ primary antibody (1:3000 dilution; Novus Biologicals, Centennial, CO, USA). The
transfected cell line will be denoted as PA1PolβΔ hereafter.

2. γ-irradiation

Proliferating cells (1 × 106) were irradiated with 60Co γ-irradiator
(dose rate of 6.85 kGy/hr) at UGC-DAE Consortium for Scientific
Research facility, Kolkata Centre, with various doses (0 Gy, 5 Gy, 10
Gy, and 15 Gy).

3. Cell growth analysis
Both healthy PA1 and PA1PolβΔ cells were seeded at a density of
106 cells in a T25 flask and allowed to grow overnight. The next
day, cells were irradiated after 4 hours of serum starvation at mentioned doses. Cells were incubated for 24–72 hours with a complete DMEM medium with 10% FBS, and live cells were counted by
the trypan blue dye exclusion method [31]. Results are expressed as
mean ± standard deviation (SD) of three individual experiments.

for 24, 48, and 72 hours. After the incubation period, the culture
medium was removed and washed twice with PBS. The cells were
then fixed with 4% paraformaldehyde, stained with 300 nM DAPI
stain solution, incubated in the dark for 5 minutes, and observed
under fluorescence microscopy. The images were analyzed by ImageJ software.

7. Detection of ROS
Intracellular ROS generation upon exposure to γ-radiation in PA1
and PA1PolβΔ cells was quantitated using oxidized DCFDA and
flow-cytometry [35]. The cells were harvested after 2 hours of
treatment and re-suspended in PBS. The cells were stained with 20
μM DCFDA and incubated for 30 minutes at 37°C in the dark. The
samples were analyzed using a flow cytometer (BD FACSCalibur;
BD Biosciences, Erembodegem, Belgium). Approximately 20,000
events were recorded from each sample, and the result was expressed as mean fluorescence intensity (%) over control [36].

8. Cell cycle analysis by flow-cytometry
4. Colony-forming assay
Cells were irradiated, as mentioned earlier. After treatment, the
cells were plated in a six well plate with complete media at a density of 200 cells per well. The cells were allowed to grow for 21
days, and the medium was changed at a frequency of twice per
week. The number of colonies was counted by Giemsa dye after
fixing colonies [32]. Results are expressed as mean ± SD of three
individual experiments.

5. Acridine orange and propidium iodide dual staining
PA1 and PA1PolβΔ cells were plated at a density of 5 × 104 in 24
well plates, incubated overnight at 37°C in a CO2 incubator. Cells
were treated with the desired dose of γ-radiations after 4 hours of
serum starvation and incubated at 37°C for 24, 48, and 72 hours.
After incubation, the culture medium was aspirated, and cells were
washed with 1X phosphate-buffered saline (PBS) for twice. The
cells were stained with equal volumes of acridine orange (AO) and
propidium iodide (PI) (20 μM, AO-PI 1:1). The stained cells were
kept in the dark for 30 minutes. The cells were washed once with
1X PBS and observed under fluorescence microscopy [33]. The images were analyzed by ImageJ software (https://imagej.nih.gov/ij/
index.html).

6. Nuclear morphology study
After RT, the nuclear morphology changes of PA1 and PA1PolβΔ
were studied by 4ʹ,6-diamidino-2-phenylindole (DAPI) staining assay [34] with modifications. In brief, treated cells were allowed to
grow in six-well plates in complete media and incubated at 37°C
68

The cells were treated with γ-radiation and incubated at 37°C in a
CO2 incubator for 48 hours with 5% CO2. Then the cells were harvested (2 × 106 cells) and re-suspended in 1 mL ice-cold PBS, and
fixed in 70% ethanol (for 500 µL cell suspension, 4.5 mL of 70%
ethanol was used). Next, the cells were incubated at -20°C over the
night, and then centrifuged carefully at 200 × g for 15 minutes in
order to remove ethanol. Cells were washed with cold PBS for
twice, and treated with 20 µL of RNAse (10 mg/mL) for the overnight. Finally, 5 µL of PI (2 mg/mL) was added, and the cells were
analyzed in flow-cytometer [37,38] (BD FACSCalibur) with the help
of the given software.

9. Apoptosis analysis
The number of apoptotic cells was quantified using Annexin V FITC/
PI kit by flow-cytometry. Briefly, the cells were treated with γ-radiation and incubated for 48 hours 37°C in a CO2 incubator. After 48
hours, the cells were harvested, washed with cold PBS, adjusted to 1
× 106 cells/mL in 1X binding buffer and stained with Annexin V FITC
and PI solution for 15 minutes at room temperature in the dark. Finally, the stained cells were analyzed by flow-cytometry [39].

10. Protein structure modelling
Nucleotide sequences of the Polβ and PolβΔ were used from our
previously published literature [9], provided in Supplementary Table
S1. The nucleotide sequences of Polβ and PolβΔ were translated in
silico by using the Expasy translate tool (https:// www.expasy.org/),
and sequences were aligned by Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/) online server. Further, three-dimensional
https://doi.org/10.3857/roj.2021.00689
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structures of the Polβ and PolβΔ (deletion in amino acid residues
208–301) were modeled in the SWISS MODEL server (https://swissmodel.expasy.org/) by using the translated amino acid residues
based on the templates PDB ids 1TV9 (human DNA polymerase
beta, 2.00 Å, X-ray diffraction) and 6CR3 (ternary complex crystal
structure of DNA polymerase beta, 1.95 Å, X-ray diffraction). SWISS
MODEL relies on four principal steps to model a protein structure
from the available template of the library, namely structural template(s) identification, target sequence and template structure(s)
alignment, model-building, and quality evaluation of the built
model. It computes the model structure by using an in-house comparative modeling engine ProMod3 [40]. ProMod3 extracts structural information from library templates and models the input amino acid sequence by several advanced tools such as mean force
scoring, Monte Carlo, graph-based TreePack algorithm and SCWRL4
techniques. Further, ProMod3 uses the CHARMM22/CMAP force
field for parameterization. The quality evaluation of the modeled
structures was done by MolProbity, Ramachandran plot, and
QMEAN quality estimates.

11. Preparation of ligand proteins
Three-dimensional structures of proteins, namely human apurinic/
apyrimidinic endonuclease-1 (PDB id 1DE8, 2.95 Å, X-ray diffraction), human 8-oxoguanine glycosylase (PDB id 1EBM, 2.10 Å,
X-Ray Diffraction), human endonuclease VIII-like 1 (PDB id 1TDH,
2.10 Å, X-ray diffraction), human T-protein of glycine cleavage system (PDB id 1WSR, 2.00 Å, X-ray diffraction), SSB repair protein
XRCC1-N-terminal domain (PDB id 1XNA, Solution NMR), FHA domain of human polynucleotide kinase 3’-phosphatase (PDB id 2BRF,
1.40 Å, X-ray diffraction), human ADP-ribosylhydrolase 3 (PDB id
2FOZ, 1.60 Å, X-ray diffraction), PARP1 (PDB id 2RCW, 2.80 Å,
X-ray diffraction), human flap endonuclease FEN1 (PDB id 3Q8K,
2.20 Å, X-ray diffraction) and PARP2 (PDB id 4ZZY, 2.20 Å, X-ray
diffraction) from RCSB Protein Data Bank (PDB) (https://www.rcsb.
org/). Downloaded protein structures were optimized for docking
by using UCSF Chimera (https://www.cgl.ucsf.edu/chimera/).

12. Protein-protein docking
For protein-protein docking ClusPro 2.0 (https://cluspro.bu.edu/)
was used [41]. ClusPro rotates ligands with 70,000 rotations. Each
of the rotations is being translated into x,y,z relative to the receptor
on a grid. We rotate the ligand with 70,000 rotations. For each rotation, we translate the ligand in x,y,z relative to the receptor on a
grid. We choose the translation with the best score from each rotation. Eventually, the best ligand position within 9 Å radius is chosen as the best docking pose. DNA polymerase β wild (WT) & mutant types were used as receptors, and other proteins downloaded
https://doi.org/10.3857/roj.2021.00689

from RCSB PDB were used as ligands.

13. Protein-nucleic acid docking
HDOCK is an open-source server (http://hdock.phys.hust.edu.cn/)
[42] that supports protein–RNA/DNA docking with an intrinsic
scoring function. It automatically predicts interactions between receptor-ligand based on template-based and template-free hybrid
algorithm. In the present work, initially, the nucleic acid (DNA) sequence ‘GCTACAGATCG’ was synthesized and geometrically optimized in silico by using Biovia Discovery studio software (Dassault
Systèmes, Vélizy-Villacoublay, France). Further, a complementary
strand was also computed. Both the single-strand and double-stranded DNAs were docked with Polβ and PolβΔ by using
HDOCK. Protein-nucleic acid interactions were studied by using
DNAproDB web server (https://dnaprodb.usc.edu/index.html).

14. Statistical analyses
The result was expressed as mean ± SD of three individual experiments. The results for PA1PolβΔ cells were compared against wildtype PA1 cells by unpaired t-test. p-values of less than 0.05 were
considered as statistically significant.

Results
After preparation of stable PA1PolβΔ cell line (Supplementary Fig.
S1), growth kinetics of PA1PolβΔ cells were determined against
different doses of γ-irradiations and results were compared with
normal PA1 cells, which contained only wild type DNA Polβ protein.
Cell growth analysis results showed (Fig. 1) that PA1PolβΔ cells
are more susceptible to radiation than normal PA1 cells, which
contained only wild type Polβ protein. In case of the control cells (0
Gy), no significant difference was obtained between PA1 and PA1PolβΔ cells after 72 hours of incubation (Fig. 1A). Whereas at a
low dose (5 Gy), a significant change in cell growth between PA1
and PA1PolβΔ cells was obtained at 72 hours (Fig. 1B). At higher
doses (10 Gy and 15 Gy), the growth of PA1PolβΔ cells was significantly decreased than PA1 cells within 48 hours (Fig. 1A, 1B).
The colony-forming assay results (Fig. 2) also reflected the more
susceptibility of PA1PolβΔ cells against radiation than normal PA1
cells. At a higher dose (10 Gy and 15 Gy), significantly less colonies
were obtained in the case of PA1PolβΔ cells than the normal one.
AO/PI dual staining assay was performed to assess the cell viability. After treating the cells with 10 Gy of γ-radiation, we observed characteristic morphological changes in the cell nuclei with
time, which relate to apoptosis fluorescing orange to red (Fig. 3).
The cell bearing green fluorescence after 24 hours in PA1 normal
cells which contain wild type Polβ protein, whereas in case of PA69
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Fig. 1. Cell growth analysis at different irradiation doses by trypan blue dye exclusion method. The irradiation dose is (A) 0 Gy, (B) low dose (5
Gy), (C) higher dose (10 Gy), and (D) higher dose (15 Gy), respectively. The results expressed as mean ± standard deviation of three individual
experiments (n = 3), and p < 0.05 considered significant results (*p < 0.05, ** p < 0.001).

1PolβΔ cells which contain both WT Polβ and PolβΔ mutant protein is fluorescing less uniformly than normal PA1 cells. With increasing incubation time (48 hours, 72 hours) after treatment,
more cells were turned orange in the case of the PA1PolβΔ cell.
However, after the same incubation time, it was found that fewer
PA1 cells were turned into an orange indicating PA1 cells are less
susceptible to γ-radiation than PA1PolβΔ cells.
DAPI staining was performed after treating the cells at 10 Gy of
radiation to monitor the nuclear morphology changes (Fig. 4A).
Untreated cells show homogeneous nuclear staining as they comprise live healthy cells with uniformly light blue nuclei. In the case
of PA1PolβΔ cells, nuclear blebbing was observed after 24 hours of
treatment. After 48 hours, chromatin condensation was observed
70

in most of the cells, along with a few apoptotic bodies. With increasing incubation time (72 hours), more nuclei were fragmented,
and apoptotic bodies were observed, indicating the late apoptosis
[43] (Fig. 4B). In the case of PA1 normal cells, fewer apoptotic cells
were observed than PA1PolβΔ cells, which indicated that PA1 cells
were less sensitive to radiation than PA1PolβΔ cells (Fig. 4A).
In the present study, intracellular ROS production was detected
using a DCFDA probe in both PA1 and PA1PolβΔ cells. Following
the γ-radiation treatment, the flow cytometry revealed that ROS
generation was increased in both PA1 and PA1PolβΔ cells at 5 Gy
and 10 Gy of doses (Fig. 5). In the case of PA1 cells, the mean fluorescence was increased over non-treated cells (control) by 169.0%
± 8.2%, and 191.9% ± 11.5% for 5 Gy, and 10 Gy of γ-radiation,
https://doi.org/10.3857/roj.2021.00689
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Fig. 2. Colony-forming assay at different doses of γ-irradiations. The
number of colonies is gradually decreased in higher doses. Significantly less colonies were formed in PA1PolβΔ cells (n = 3; * p < 0.05,
** p < 0.001).

respectively. The PA1PolβΔ cells showed 173.7% ± 13.4% increase
in mean fluorescence intensity over respective control cells at 5 Gy
and 134.5% ± 9.1% at 10 Gy of γ-radiation treatment.
Flow-cytometry was used to test effect of the γ-radiation of cell
cycle arrest (Fig. 6). For both cells, a significantly higher amount of
cells was found in G2/M phase with an increase dose of radiations.
However, in the case of PA1 cells, at the dose of 5 Gy no significant
difference was observed in G2/M phase with respect to the control
cells. At higher doses significantly more cells were arrested in G2/
M phase. 57.8% ± 1.1%, and 62.0% ± 1.1% at 10 Gy and 15 Gy,
respectively, whereas only 36.6% ± 0.4% cells were arrested in
G2/M phase in control cells. For PA1PolβΔ cells, 46.2% ± 6.4%,
56.4% ± 5.0%, and 44.1% ± 2.2% cells were arrested in G2/M
phase at 5 Gy, 10 Gy, and 15 Gy, respectively. Only 16.2% ± 0.8%
of non-treated cells were arrested in G2/M phase, which are significantly lower than all treated cells.
Annexin V-FITC/PI staining is widely used to identify apoptotic
cells. Live cells neither stain with Annexin V-FITC, nor with PI. Early
apoptotic cells stain with only Annexin V-FITC, late apoptotic cells
both stain with Annexin V-FITC and PI as cell membrane lost its integrity. Necrotic cells only stain with PI. In an earlier analysis, we
found PA1PolβΔ cells were more susceptible to γ-radiation than
PA1 cells. In this experiment, we quantified the % of apoptotic
cells (Fig. 7). At 5 Gy, 20.9% ± 0.9% PA1PolβΔ cells were in the
early apoptotic (EA) stage, which is significantly higher than PA1

PA1
10 Gy

0 Gy

10 Gy

72 hr

48 hr

24 hr

0 Gy

PA1PolβΔ

Fig. 3. Acridine orange/propidium iodide dual staining assay for cell viability study at 10 Gy at different time after radiation.
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B

Fig. 4. (A) Nuclear morphology study by DAPI staining at 10 Gy in different time after radiation. (B) Nuclear morphology study of PA1PolβΔ
cells (i) untreated cells (control) after 24 hours, and (ii–iv) treated cells after 24, 48, and 72 hours, respectively, (ii) cytoplasmic blebbing, (iii)
chromatin fragmentation, (iv) apoptotic bodies. DAPI, 4',6-diamidino-2-phenylindole.

cells (0.5% ± 0.3%). At 10 Gy of radiations, 31.2% ± 0.2% PA1PolβΔ cells were in the early apoptotic stage, and 16.5% ± 1.2%
cells were in the late apoptotic (LA) phase, which is significantly
higher in comparison to PA1 cells (EA, 0.6% ± 0.1%; LA, 2.1% ±
0.3%). At this dose, 58.5% ± 1.9% PA1 cells survived, whereas
only 11.3% ± 0.9% of PA1PolβΔ cells were survived, which is significantly less. At 15 Gy of γ-radiation, both cells were found in the
apoptotic phase, although PA1PolβΔ cells were significantly higher
in the LA phase than PA1 cells.
In the model quality assessment, both the structures from the
translated amino acid sequences showed > 96% favorable regions
in the Ramachandran plots, with the QMEAN score < 0.90 ( > 0.6),
72

as determined by the MolProbility tool of the SWISS MODEL. In the
overlaid structures of the wild and mutant proteins (Fig. 8C), the
mutant Polβ showed the partial deletion of nucleotidyl and dNTP
selection domains (from amino acid residues 211–339) (Fig. 8D).
In general, molecular docking interaction of selected proteins—8-oxoguanine glycosylase, aminomethyltransferase, DNA repair protein XRCC1, polynucleotide kinase 3’-phosphatase,
poly(ADP-ribose) glycohydrolase, poly(ADP-ribose)polymerase 1
(PARP 1), flap endonuclease 1, and poly(ADP-ribose)polymerase 2
(PARP 2)—with wild and mutant proteins did not yield any major
differences in results (Supplementary Table S2), indicating that sequence deletion might not impact the binding interactions behttps://doi.org/10.3857/roj.2021.00689
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tween the proteins. However, endonuclease 8-like 1 protein
showed strong binding potential with the DEL (Δ) (-12.4 kcal/mol)
than the wild type (-9.7 kcal/mol) protein (Supplementary Fig. S2).
The BER reaction is started after cleaving bases damaged by ROS
with endonuclease VIII-like 1 glycosylase [44]. Polβ comes into action after cleaving AP site by APE1 [18]. Relatively strong binding

PA1

Mean fluorescence intensity
(% over control)
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Fig. 5. Generation of reactive oxygen species after 2 hours of γ-radiation treatment. Error bar indicating standard deviation of three individual experiments.

A
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200

potentiality of the PolβΔ with endonuclease 8-like 1 might lead to
higher binding probability PolβΔ than wild type Polβ.
In protein-nucleic acid docking study, we observed that mutant
Polβ could strongly bind with double-strand DNA (-303.64 kcal/
mol) when compared with the wild type (-245.74 kcal/mol). The
interaction between amino acid residues and nucleic acid bases (A/
T/G/C) for DEL type protein was found as Lys27C-G, Ser104C/
His135C-A, Asp190C-T/C, Met191C-C/G, Asp192C-C/G, Val193C-G
[5´GCTACAGATCG3´ strand] and Ile33C-G, Pro108C-T, Gly105C-C,
His135C-T, Lys206C-G, Leu194C/Leu195C-C, Asp192C/Val193C-C
[3´CGATGTCTAGC5´ strand]. Further, the interaction of wild type
protein amino acid residues and DNA bases were found as
Tyr296C-T/A/G, Asn294C-C/T, Arg283C/Tyr271C/Lys280C-G [5´GCTACAGATCG3´ strand] and Glu295C/Tyr271C-C [3´CGATGTCTAGC5´
strand] (Fig. 9). Docking interaction energies with both the proteins
and single-strand DNA were found as similar (-285.44 and -272.65
kcal/mol) (Supplementary Fig. S2). PolβΔ has a large deletion of 97
amino acids in the catalytic part of amino acids residues 208–304,
which belongs in exons 11–13. Exon 11 has nucleotidyl selection
activity; exons 12 and 13 have dNTPs selection activity [45]. Hence
deletion of this part may affect polymerizing activity, but single-strand binding and double-strand binding activity are presumed to have remained the same. PolβΔ has better binding potential with dsDNA, probably due to its small size [34].
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Fig. 6. Cell cycle analysis by flow-cytometry. (A) Analysis of the cell cycle of PA1 cells after 48 hours of γ-radiation treatment. Cells were arrested in the G2/M phase with increasing doses of radiation. (B) The graph showed significantly more cells were arrested in the G2/M phase in
the case of 10 Gy and 15 Gy of radiations (n = 3; ** p < 0.001). (C) PA1PolβΔ cells after 48 hours of γ-radiation treatment. (D) In the case of the
PA1PolβΔ cell cycle, the G2/M phase was arrested in significantly more cells in every dose of radiations (n = 3; ** p < 0.001).
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Fig. 7. Apoptosis analysis by Annexin V-FITC/PI using flow-cytometry after 48 hours of treatment. All results are expressed as mean ± standard
deviation three individual experiments, and error bar indicating standard deviation (* p < 0.05, ** p < 0.001). (A) Control cells, i.e., non-treated
cells, are mostly live cells. (B) PA1 and PA1PolβΔ cells were treated with a 5 Gy dose. (C) PA1 and PA1PolβΔ cells were treated with a 10 Gy
dose. (D) PA1 and PA1PolβΔ cells were treated with a 15 Gy of dose.

Discussion and Conclusion
In our previous study, we found an ovarian cancer-specific mutation in the DNA Polβ, with the deletion in the catalytic domain [9].
This mutated protein (PolβΔ) was co-expressed with wild-type Polβ
in heterozygous conditions. Our earlier study also showed that
PolβΔ is more sensitive to alkylating agents [46]. In this study, our
objective was to find possible use of IR to kill this type of cells selectively by targeting PolβΔ.
PolβΔ has a deletion of 97 amino acids in its catalytic domains,
although its double-strand binding site remains intact. DNA PolβΔ
lacks one of the three aspartates at position 256 (Asp190, Asp192,
and Asp256) necessary for catalysis reaction, which is located at
74

exon 12 [47-49]. Amino acids Tyr271, Phe272, Asn 279, and
Arg283 are located in the catalytic domain that has a role in minor
groove interaction; thus, maintaining the fidelity of the polymerization are also missing. The fidelity of polymerization will also be
affected due to the deletion of exon 13 [50-52]. Each cell has two
copies of the Polβ gene. The result of dsDNA Polβ/PolβΔ binding
activity showed that PolβΔ has significantly more binding affinity
to dsDNA than wild type PolβΔ protein. PolβΔ acts as dominant-negative with wild type Polβ in heterozygous conditions, as
the PolβΔ is relatively small in size than wild type Polβ [53]. Polβ is
the key enzyme of the BER pathway. As the PolβΔ has double
strand binding activity without any catalytic activity, cells containing the PolβΔ leads to failure of BER activity.
https://doi.org/10.3857/roj.2021.00689
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A

B

Fig. 8. (A) Superimposed three-dimensional structures of wild Polβ (“A”) and mutant Polβ (“B”) proteins as rendered by UCSF Chimera showing
various domains. (B) Amino acid sequence alignment of wild and mutant Polβ proteins.

Fig. 9. (A1) Wild Polβ protein and double-strand (DS) DNA complex as rendered by UCSF Chimera. (A2) Interaction sites of amino acids of wild
Polβ protein and DS DNA as rendered by DNAproDB. (B1) Mutant Polβ protein and DS DNA complex as rendered by UCSF Chimera. (B2) Interaction sites of amino acids of mutant Polβ protein and DS DNA as rendered by DNAproDB.
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IR caused various DNA damages like damaged bases, SSBs, and
DSBs are produced per gray per cell [11,12]. Such lesions are corrected by different repair pathways. DSBs are produced directly and indirectly by IR, which are the most lethal in nature to the cells. Although DSBs occur in low proportion, one single unrepaired DSB results in cell death [54]. The DSBs can directly trigger cell death or activate DDR, inducing cell cycle arrest and favoring DNA repair. This
repair is either error-free, allowing the cell to survive; or be error-prone, leading to cell death [55]. As both PA1 and PA1PolβΔ are
similar except PA1PolβΔ expressed both wild type Polβ and PolβΔ
protein, it is assumed that both handled DSBs in a similar manner.
Damaged bases induced by oxidative stress following IR are repaired by the BER pathway [13-18]. In BER, damaged bases are excised by DNA glycosylases, resulting in apurinic/apyrimidinic (AP)
sites. Subsequently, these AP sites are cleaved by apurinic endonuclease 1 (APE1) or an AP lyase activity, leading to SSBs. SSBs are
repaired by the part of the BER pathway called SSB repair [56,57].
XRCC1 comes in the latter step, where it complexes with DNA ligase III. Interaction of XRCC1 and Polβ is required for efficient BER
[58]. Long-patch SSB repair involves the removal of a larger DNA
segment, which requires several DNA replication factors such as
proliferating cell nuclear antigen (PCNA), Pol δ/ǫ, flap endonuclease 1 (FEN1), and DNA ligase I. Concerning SSBs detection, poly-ADP-ribose polymerase (PARP1 or PARP2) is required [16,59-63].
In this study, we found a significant increase in ROS generation
in both cells after treatment. IRs cause DNA damage directly or by
an indirect effect like generations of ROS [29]. During the cell cycle, the fidelity of DNA replication is ensured by regulated pathways that oversee progression from one phase of the cycle into the
next, dependent on DNA damage sensing. Cells must pass two
checkpoints during interphase. G1 checkpoint allows entry into
chromosomal replication from G1, and G2 checkpoint allows entry
into mitosis from G2. Cell cycle analysis results revealed a significant increase in DNA in the G2/M phase for the PA1PolβΔ cells
than PA1 cells, indicating a cell cycle arrest in the G2 phase [64].
Cell assesses the integrity of its genome before undergoing division
at a cell cycle checkpoint. Damage DNA must be undergoing a DNA
repair process. Upon the successful DNA repair, the cell cycle can
continue; in case of irreparable errors, cells may undergo apoptosis.
As PA1PolβΔ lacks BER function due to the presence of PolβΔ, cell
cycle was arrested in G2 checkpoint and finally resulted in cell
death via apoptosis.
In conclusion, we found that 10 Gy of γ-radiation is the optimal
dose, as it killed significantly more PA1PolβΔ cells than PA1 after
48 hours of treatment. We also found that at this dose PA1PolβΔ
cells are undergoing an apoptotic pathway. Similar types of PolβΔ
mutations are reported in ovarian and other cancers, where mutat76

ed Polβ expressed with wild type Polβ in heterozygous conditions.
This in-vitro study of the ionization radiation may have possibility
to use as a treatment option of this type of cancer that will be
checked in the animal model.
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