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Abstract. Radioresistant cancer cells lead to poor prognosis 
after radiotherapy. However, the mechanisms underlying 
cancer cell radioresistance have not been fully elucidated. Thus, 
the DNA damage response of clinically relevant radioresistant 
oral squamous cell carcinoma HSC2‑R cells, established by 
long‑term exposure of parental HSC2 cells to fractionated 
radiation, was investigated. The DNA double‑strand break 
(DSB) repair protein‑specific inhibitor, NU7441, which targets 
DNA‑dependent protein kinase catalytic subunit (DNA‑PKcs) 
phosphorylation, and IBR2, which targets Rad51, were 
administered to HSC2 and HSC2‑R cells. NU7441 adminis‑
tration eliminated colony formation in both cell lines under 
6 Gy X‑ray irradiation, whereas IBR2 did not affect colony 
formation. NU7441 and IBR2 significantly enhanced 6 Gy 
X‑ray irradiation‑induced apoptosis in HSC2‑R cells. In 
HSC2‑R cells, cell cycle arrest released earlier than in HSC2 
cells, and phosphorylated‑H2A histone family member X 
(γH2AX) expression rapidly decreased. Following NU7441 
administration, γH2AX expression and the cell percentages 
of the G2/M phase were not decreased at 48 h after treatment 
in HSC2‑R cells. DNA‑PKcs has been demonstrated to regu‑
late non‑homologous end‑joining (NHEJ) and homologous 

recombination (HR) repair, and the later phase of DSB repair 
is dominated by HR. Therefore, the results of the present study 
indicated that the DSB repair mechanism in HSC2‑R cells 
strongly depends on NHEJ and loss of HR repair function. 
The present study revealed a potential mechanism under‑
lying the acquired radioresistance and therapeutic targets in 
radioresistant cancer cells.

Introduction

Current radiotherapy for tumors can achieve noninvasive local 
control, and plays an important role in cancer therapy (1). 
However, despite advances in irradiation technology, there are 
cases in which local control of the tumor fails and recurrence 
or metastasis occurs. From the viewpoint of radiation biology, 
cancer cells that exhibit intrinsic or extrinsic radioresistance 
during fractionated radiation therapy survive after treatment 
causing recurrence and metastasis  (2). Elucidation of the 
mechanisms of radioresistance is an urgent issue for improving 
the outcomes of radiation therapy.

The major cell‑killing effect of ionizing radiation is DNA 
damage [i.e., DNA double‑strand breaks (DSBs)] caused by 
reactive oxygen species (ROS)  (3,4). This lethal effect of 
ionizing radiation is modified by linear energy transfer, dose 
rate, oxygen concentration, cell cycle distribution, and the DNA 
damage response (DDR) of cells (5‑9). In addition, the authors 
previously reported that an increase in the number of cancer 
stem cells (CSCs) among radioresistant cell lines is involved in 
the increase in cell survival following fractionated irradiation 
(i.e., sub‑lethal damage repair) (10‑12). DSB repair is completed 
mainly by non‑homologous end joining (NHEJ) and homologous 
recombination (HR) (13). NHEJ is the dominant repair pathway 
throughout the cell cycle, and HR functions from the S phase 
to the M phase because it requires sister chromosomes (14). 
HR is frequently reported to be associated with radioresistance 
owing to error‑free repair (15), whereas error‑prone NHEJ has 
been reported to induce genome instability and allow radiore‑
sistant clones to expand (16). However, the detailed DNA repair 
pathway in radioresistant cancer cells remains unclear.
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The radioresistant cell lines established after long‑term 
exposure to fractionated irradiation exhibit clinically relevant 
radioresistance (17,18). It has been suggested that cancer cells 
acquire radioresistance during fractionated radiotherapy, 
resulting in poor prognosis. However, the mechanisms 
underlying radioresistance in cancer cells have not been fully 
clarified. Herein, to provide means of overcoming radiore‑
sistance, the differences in DDR between non‑radioresistant 
and radioresistant cell lines using DSB repair protein‑specific 
inhibitors were investigated, and may serve as a thera‑
peutic target for eliminating radioresistant cancer cells in 
radiotherapy.

Materials and methods

Reagents. The DNA‑dependent protein kinase (DNA‑PK) 
inhibitor, NU7441, and the Rad51 inhibitor, IBR2, were 
purchased from Selleck Chemicals and MedChemExpress, 
respectively. These inhibitors were dissolved in 1  mM 
dimethyl sulfoxide (DMSO; i.e., 1.2092 ml for 5 mg NU7441 
and 1.2485 ml for 5 mg IBR2; Sigma‑Aldrich; Merck KGaA), 
administered at the indicated concentrations (i.e., 0.5, 1, 
5 and 10 µM for NU7441; and 1, 5, 10 and 15 µM for IBR2) 1 h 
before irradiation, and then washed out using phosphate‑buff‑
ered saline (PBS) without magnesium and calcium (Takara 
Bio, Inc.) 24 h after administration. Based on the pharmaco‑
kinetics that 80‑90% of most anticancer drugs are excreted 
from the body within 24 h after administration (19), these were 
washed out after 24 h.

Cell culture. Human oral squamous carcinoma cell lines, 
HSC2 and HSC2‑R, were used as models for non‑radioresistant 
cells (HSC2) and radioresistant cells (HSC2‑R). The HSC2 cell 
line (ID: TKG 0487) was provided by Cell Resource Center 
for Biomedical Research, Institute of Development, Aging and 
Cancer, Tohoku University (Sendai, Japan). HSC2‑R cells were 
established by long‑term exposure to fractionated irradiation 
(i.e., 2 Gy/day, over 60 Gy) (17). To confirm the origin of the 
HSC2 and HSC2‑R cells, a short tandem repeat analysis was 
performed using a contract research service (BEX Co., Ltd.). 
The analysis revealed that both cell lines were the same as 
HSC2 cells registered at the National Institutes of Biomedical 
Innovation, Health and Nutrition (Osaka, Japan). These cell 
lines were maintained at 37˚C and 5% CO2 in Roswell Park 
Memorial Institute 1640 medium (Thermo Fisher Scientific, 
Inc.) supplemented with 10% heat‑inactivated fetal bovine 
serum (FBS; Japan Bio Serum) and 1% penicillin/streptomycin 
(Thermo Fisher Scientific, Inc.).

Irradiation. The cultured cells were irradiated using an 
X‑ray generator (MBR‑1520R‑3; Hitachi, Ltd.) with 0.5‑mm 
aluminum + 0.3‑mm copper filters at a distance of 45 cm 
between the focus and target (150 kV, 20 mA, 1.0 Gy/min). 
During the X‑ray exposure, the total dose and dose rate were 
monitored using a thimble ionization chamber placed next to 
the sample. The uncertainty in the absorbed dose measured by 
the thimble ionization chamber is ±1%.

Flow cytometric analysis. Apoptotic cells were detected 
using fluorescein isothiocyanate (FITC)‑conjugated Annexin 

V (cat. no. 640906; BioLegend, Inc.) and propidium iodide 
(PI) (cat.  no.  421301; BioLegend, Inc.). Trypsinized cells 
were adjusted to a density of 1x106 cells/ml and washed with 
PBS without magnesium and calcium. Next, the cells were 
incubated for 20 min at 4˚C in the dark after the addition 
of FITC‑Annexin V (5 µl/106 cells) and PI (10 µl/106 cells) 
and, analyzed by direct immunofluorescence flow cytometry 
using CytoFLEX (Beckman Coulter, Inc.). The percentage of 
FITC‑Annexin V‑positive cells was defined as the percentage 
of apoptotic cells i.e., FITC‑Annexin V (+)/PI (‑) fraction 
and FITC‑Annexin V (+)/PI (+) fraction. To compensate for 
histone protein levels, the cell cycle distribution and phos‑
phorylated‑H2A histone family member X (γH2AX)‑positive 
cells were measured using double staining (20). In particular, 
trypsinized cells were fixed with chilled 70% ethanol at ‑20˚C 
for 30 min, and then stained with PI (15 µl/106 cells) and 
FITC‑γH2AX (5  µl/106  cells) in the presence of RNase 
(0.2 mg/ml, Nippon Gene Co., Ltd.) at room temperature in the 
dark for 15 min. The fluorescence data were analyzed using 
the CytExpert software ver. 2.4 (Beckman Coulter, Inc.). The 
concentrations of NU7441 and IBR2 used were 5 and 10 µM, 
respectively. The assessment time points were 1, 6, 24, and 48 h 
after 6 Gy irradiation in combination with NU7441 or IBR2 
administration.

Colony formation assay. Clonogenic potency following 
treatment with 6 Gy irradiation and/or NU7441 or IBR2 admin‑
istration was evaluated using a colony formation assay. For the 
non‑irradiated and irradiated group, 400 and 10,000 cells were 
seeded on φ60 cell culture dishes, respectively. After 6 h of 
incubation at 37˚C, to allow the cells to adhere to the bottom 
of the dish, NU7441 or IBR2 was administered. Subsequently, 
1 h after administration, the cells were irradiated. After 24 h 
of administration, NU7441 or IBR2 were washed out with 
PBS and cells were cultured for an 7‑10 additional days. The 
cells were then fixed with methanol (Wako Pure Chemical 
Industries, Ltd.) for 1 min and stained with Giemsa staining 
solution (Wako Pure Chemical Industries) for 2 h. These afore‑
mentioned procedures were performed at room temperature. 
Colonies with >50 cells were counted manually. The surviving 
fraction for each cell line was calculated from the ratio of the 
plating efficiency of the irradiated cells to that of the untreated 
group.

Statistical analysis. The significance of the differences 
between the control and experimental cultures was deter‑
mined using the Tukey‑Kramer post hoc test after one‑way 
analysis of variance. Statistical analyses were performed using 
Microsoft Excel 2010 (Microsoft Corporation) with the add‑on 
software Statcel v3 (OMS Publishing). The data shown in this 
manuscript were obtained by repeating the experiments thrice, 
and are presented as the mean ± SD. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Cytotoxicity of NU7441 and IBR2. To investigate NU7441 
and IBR2 toxicity in HSC2 and HSC2‑R cells, the surviving 
cell fraction at 0.5, 1, 5, and 10 µM for NU7441 and 1, 5, 10, 
and 15 µM for IBR2 was measured using a colony formation 
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assay. The surviving cell fraction was fitted using log logistic 
regression, and the 50% inhibitory dose (IC50) was calculated. 
Following NU7441 administration, the cell surviving fraction 
of HSC2 and HSC2‑R cells was decreased at 10 µM (Fig. 1A), 
and the IC50 was 21.21 µM for HSC2 and 13.44 µM for HSC2‑R 
cells indicating HSC2‑R cells were more sensitive to NU7441 
than HSC2 cells (Fig. 1A). Following IBR2 administration, 
the surviving fraction decreased at 20 µM for HSC2 cells 
and 10 µM for HSC2‑R cells (Fig. 1B). The IC50 value indi‑
cating sensitivity to IBR2 was 25.75 µM for HSC2 cells and 
15.59 µM for HSC2‑R cells. Radioresistant HSC2‑R cells were 
more sensitive to both the DNA‑PKcs inhibitor, NU7441, and 
the Rad51 inhibitor, IBR2, than non‑radioresistant HSC2 cells.

The radiosensitization effects of NU7441 and IBR2. The 
surviving cell fraction following treatment with a combina‑
tion of 6 Gy irradiation and NU7441 or IBR2 was measured 
using a colony formation assay. Both inhibitors, NU7441 
and IBR2, were used at concentrations that did not reduce or 

slightly affect cell survival (i.e., 5 µM for NU7441 and 10 µM 
for IBR2). The surviving fraction of radioresistant HSC2‑R 
cells was significantly higher than that of non‑radioresistant 
HSC2 cells following treatment with 6 Gy irradiation alone 
(4.14±0.08% vs. 0.32±0.06%) (Fig. 2A and B). Although HSC2 
and HSC2‑R cells did not exhibit decreased cell survival after 
administration of 5 µM NU7441 alone (Fig. 1A), no count‑
able colonies were observed following combination treatment 
with 6 Gy irradiation and NU7441 (Fig. 2A). There was no 
significant difference between 6 Gy irradiation alone and the 
combination of 6 Gy irradiation and IBR2 administration in 
either cell line.

Apoptosis induction under radiation combined with NU7441 
or IBR2. The percentage of apoptotic cells was assessed after 
24 and 48 h of treatment using Annexin V and PI staining. 
Apoptotic cells were defined as Annexin V‑positive cells 
[i.e., Annexin V (+)/PI (‑) and Annexin V (+)/PI (+) fractions] 
(Fig. 3A and B). The percentage of apoptotic HSC2‑R cells 

Figure 1. Cytotoxicity of NU7441 and IBR2. The cell surviving fraction after administration of (A) NU7441 and (B) IBR2 was assessed by colony forma‑
tion assay. The circles with solid lines and the triangles with broken lines show the experimental and calculated cell survival of HSC2 and HSC2‑R cells, 
respectively.

Figure 2. Radiosensitizing effects of NU7441 and IBR2. (A) Representative colony image with the number of seeded cells and (B) calculated cell survival 
fraction. Values are presented as the mean ± standard deviation. ***P<0.001.
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24 h after treatment with 6 Gy irradiation alone was signifi‑
cantly lower than that of apoptotic HSC2 cells (5.66±0.93% 
vs. 12.38±1.64%, respectively) (Fig. 3C). At 48 h after 6 Gy 
irradiation, the percentage of apoptotic HSC2‑R cells signifi‑
cantly increased compared to that at 24 h after treatment with 
irradiation (8.98±0.50%) but was lower than that of apoptotic 
HSC2 cells (14.55±0.88%). Following treatment with the 
combination of radiation and NU7441, the percentage of apop‑
totic HSC2 cells was significantly increased (21.52±0.76%) 
compared to that of HSC2‑R cells (13.02±0.61%) at 24 h. 
At 48 h after treatment, the percentage of apoptotic HSC2 
cells was then decreased (11.86±0.64%), and that of HSC2‑R 
cells was further increased (17.77±1.61%). Meanwhile, IBR2 
treatment for 24 h induced more apoptosis in HSC2‑R cells 
(31.29±4.36%) than in HSC2 cells (17.32±0.37%), and then 
decreased at 48 h (15.35±0.59% for HSC2 cells; 23.48±0.67% 
for HSC2‑R cells) (Fig.  3C). Although the radioresistant 
HSC2‑R cells were apoptosis‑resistant compared with HSC2 

cells, both inhibitors significantly induced apoptosis at least 
at 24 h.

DNA damage response following administration of NU7441 or 
IBR2 in combination with 6 Gy irradiation. To compensate for 
the amount of histone protein that depends on DNA content, 
the cell cycle distribution of cells and γH2AX dynamics were 
assessed concurrently using flow cytometry. The measurement 
time points were 1, 6, 24, and 48 h after 6 Gy irradiation in 
combination with NU7441 or IBR2 administration (Fig. 4). The 
cell cycle distribution‑dependent γH2AX‑positive fraction was 
observed 48 h after treatment, and the G2/M phase fraction 
was found to be decreased, especially in the 6 Gy + NU7441 
group (Fig. 4A and B). The number of γH2AX‑positive HSC2 
and HSC2‑R cells increased at 1 h after treatment and then, 
it was rapidly decreased after 6 h of treatment in the 6 Gy 
alone group and the 6 Gy + IBR2 group, but not in the 6 Gy + 
NU7441 group (Fig. 4C). At 24‑48 h of treatment with 6 Gy 

Figure 3. Percentage of apoptotic cells in non‑radioresistant and radioresistant cells. (A and B) Representative dot plots of HSC2 and HSC2‑R cells 
at 24 and 48 h after 6 Gy irradiation alone, or in combination with NU7441 or IBR2. (C) Quantitative analysis of apoptotic cell fractions, which was defined 
as FITC‑Annexin V‑positive cell fractions i.e., FITC‑Annexin V (+)/PI (‑) fraction and FITC‑Annexin V (+)/PI (‑) at 24 and 48 h after treatment. Values are 
presented as the mean ± standard deviation. **P<0.01 and ***P<0.001 vs. the same treatment group at 0 h; ##P<0.01 vs. the same treatment group at 24 h. FITC, 
fluorescein isothiocyanate; PI, propidium iodide.



BIOMEDICAL REPORTS  18:  28,  2023 5

Figure 4. Cell cycle distribution and γH2AX dynamics after 6 Gy irradiation and/or combination with NU7441 or IBR2 administration. Representative dot 
plots and histograms of (A) HSC2 and (B) HSC2‑R cells. (C) Fraction of γH2AX‑positive cells and (D) cell populations in each cell cycle phase. Values are 
presented as the mean ± standard deviation. γH2AX, phosphorylated‑H2A histone family member X.
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irradiation alone or in combination with IBR2, the number 
of γH2AX‑positive HSC2 cells gradually increased, whereas 
that of HSC2‑R cells did not change. Upon NU7441 admin‑
istration, the number of γH2AX‑positive HSC2 cells began to 
decrease between 6 and 24 h, and then gradually increased 
until 48 h. Meanwhile, the number of γH2AX‑positive HSC2‑R 
cells slightly decreased at 6 h compared with that at 1 h, but 
remained high compared to the 6 Gy alone and 6 Gy + IBR2 
groups at 24 to 48 h.

The cell cycle distribution of HSC2 cells after 6 Gy irra‑
diation did not change until 6 h. At 24 h, the percentage of 
cells in the G2/M phase was markedly higher than that at 0, 
1, and 6 h, while the percentage of cells in the G0/G1 and S 
phases decreased at this time point, suggesting that cells were 
arrested at the G2/M checkpoint (Fig. 4D). At 48 h, this arrest 
tended to be released. The kinetics of the cell cycle distribution 
were the same as those of the 6 Gy + IBR2 group. Meanwhile, 
in the 6 Gy + IBR2 treatment group of HSC2‑R cells, the cells 
in the G0/G1 phase were decreased and the cells in the G2/M 
phase were slightly increased at the 6‑h time point, and then 
arrest was released after 24 h (Fig. 4D). In the 6 Gy + NU7441 
group, the number of cells in the G0/G1 phase decreased 
continuously 1 h after treatment in both cell lines, while the 
G2/M phase cell population increased. NU7441 combined 
with 6  Gy irradiation extended G2/M arrest. Notably, in 
HSC2‑R cells, polyploid cell populations were more abundant 
than in HSC2 cells and increased over time following NU7441 
administration.

Discussion

In the present study, the DDR of radioresistant HSC2‑R cells 
and the non‑radioresistant parental HSC2 cells was inves‑
tigated using the DNA‑PKcs inhibitor, NU7441, and Rad51 
inhibitor, IBR2. DNA‑PKcs is a major NHEJ protein, whereas 
Rad51 is a major HR protein (21,22). Both DNA repair mecha‑
nisms are important in radiation‑induced lethal DSBs. In the 
present study, it was determined that radioresistant HSC2‑R 
cells were more sensitive to both DNA repair inhibitors than 
non‑radioresistant HSC2 cells, as indicated by the corre‑
sponding IC50 values (Fig. 1). In addition, the combination of 
NU7441 administration and 6 Gy irradiation eliminated colony 
formation in HSC2 and HSC2‑R cells, whereas IBR2 admin‑
istration with 6 Gy irradiation did not affect colony formation 
after 24 h of exposure. Because exposure to both inhibitors for 
>24 h completely eliminated colony formation, cell survival at 
other experimental time points was not feasible.

It has been reported that oral squamous cell carcinoma cell 
lines such as SAS and HSC4 are HR deficient (23). There are 
no reports on the HR capacity of HSC2 and HSC2‑R cells, 
but the lack of colony formation inhibitory effects of IBR2 
administration with 6 Gy irradiation suggests that it may not 
be very proficient. In addition, long‑term exposure of HepG2 
and HeLa cells to fractionated radiation was revealed to 
increase the protein levels of phosphorylated DNA‑PKcs (24). 
Based on these findings, the main DNA repair pathway in 
radioresistant HSC2‑R cells is suggested to be NHEJ. By 
contrast, a nasopharyngeal carcinoma cell line exhibited 
increased levels of HR‑associated repair proteins RPA1, 
BRCA2, BRCA1, and Rad51 after long‑term exposure to 

fractionated irradiation (25). These differences are thought to 
depend on the phenotype of the parental cell line; however, 
alternative epigenetic repair mechanisms may be induced by 
genomic instability (26). Indeed, HepG2 cells that acquired 
radioresistance had a high mutation frequency at the hypoxan-
thine phosphoribosyltransferase locus compared to parental 
cells (27). It should be noted that genome instability is also 
induced by error‑prone backup DSB repair mechanisms, that 
is, alternative‑end joining and single‑strand annealing (28), 
but its association with radioresistance of cells has not yet been 
reported.

The apoptotic fraction of HSC2‑R cells following 6 Gy 
irradiation was lower than that of HSC2 cells, and both 
NU7441 and IBR2 significantly promoted apoptosis in both 
cell lines 24 h after administration (Fig. 3). Several studies 
have reported the induction of apoptosis by the combined 
use of Rad51 inhibitor and other cytotoxic agents. B02, a 
RAD51‑targeting agent, synergistically increased cytotox‑
icity stimulated by doxorubicin  (29) or AZD1775  (30). In 
addition, Rad51 inhibition enhanced radiation‑induced cell 
death (31,32). In HSC2 cells, the apoptotic fraction decreased 
at 48 h after administration of both inhibitors compared with 
that at 24 h, and this phenomenon was observed only after 
IBR2 administration in HSC2‑R cells. According to recent 
views, apoptosis is reversible, a process referred to as anastasis, 
and caspases outside of apoptosis promote tumor repopula‑
tion (33). Therefore, the decrease in apoptotic cell fraction may 
be due to anastasis. Most anticancer agents are excreted from 
the human body within 24 h. Based on the pharmacokinetics, 
the inhibitors were washed out after 24 h. Such experimental 
manipulations may also affect the fraction of apoptotic cells. 
In addition, exposure to inhibitors was only performed for 24 h 
in the experiment of the present study. Both inhibitors should 
be investigated at further experimental time points in the 
future. A further limitation of the present study, was that the 
apoptotic cell fraction under the treatment of NU7441 or IBR2 
without 6 Gy irradiation was not confirmed. The apoptotic 
effects of NU7441 and IBR2 could modify the cell surviving 
fraction; however, the colony formation was not significantly 
decreased at the concentration used in the present study 
(Fig. 1). Regarding the concentration i.e., 5 µM NU7441 and 
10 µM IBR2 used, previous studies have reported that these 
concentrations do not significantly induce apoptosis (34,35).

The cell cycle distribution and γH2AX dynamics of 
HSC2 and HSC2‑R cells was assessed by flow cytometric 
analysis. The γH2AX‑positive fraction of HSC2 and 
HSC2‑R cells was increased 1 h after treatment, and then 
immediately reduced (i.e., 6 h after treatment) (Fig. 4). Only 
NU7441 administration maintained the size of the frac‑
tions, suggesting that NHEJ was predominant in the early 
phase of the repair process. Strong G2/M phase arrest was 
observed following NU7441 administration in HSC2 and 
HSC2‑R cells. Although HSC2 cells exhibited reduced 
γH2AX‑positive fractions, those of γH2AX‑positive HSC2‑R 
cells remained high from 24 to 48 h. Following IBR2 admin‑
istration in HSC2‑R cells, cell cycle distribution and γH2AX 
expression was not significantly altered compared with the 
treatment with 6 Gy irradiation alone (Fig. 4C and D). The 
percentage of γH2AX‑positive HSC2 cells increased again 
at 48 h, but not that of HSC2‑R cells. HR is the predominant 
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repair pathway at the later phase of the repair process that 
causes secondary replication‑induced DSBs (36). It has been 
reported that DNA‑PKcs can regulate the selection of the 
DSB repair pathway according to the cell cycle phase. In the 
S and G2 phases of the cell cycle, DNA‑PKcs dissociation 
from DSBs by autophosphorylation results in the selection 
of the HR repair pathway to promote the end resection of 
DSB sites (37,38). In addition, inducing HR deletions results 
in greater radioresistance compared to the parental cell 
line (39), and restoring the HR mechanism in HR‑deficient 
cancers renders them radiosensitive (40). These observations 
and studies suggest that the repair mechanism of HSC2‑R 
cells strongly depends on DNA‑PKcs phosphorylation, and 
a weak repair mechanism during the S and G2/M phases. In 
the present study, the protein expression of DDR signaling 
pathways including targets of NU7441 or IBR2, was not 
investigated. The protein expression related to cell cycle 
regulation and DNA repair should be investigated in the 
future. Furthermore, the potential radioresistance mecha‑
nisms in HSC2‑R cells may be associated with an increase 
in the polyploidy fraction. It has been reported that the 
majority of polyploid giant cancer cells (PGCCs), induced 
by irradiation, undergo cell death, but some PGCCs exhibit 
proliferative capacity and undergo neosis, which may result 
in tumor repopulation (41). NU7441 and IBR2 increased the 
polyploid fraction in HSC2‑R cells. However, the fate of the 
polyploid fraction of cells requires long‑term observation; 
therefore, this population needs to be tracked further in the 
future.

In the present study, using inhibitors targeting two major 
DSB repair proteins, the mechanism of radioresistance acqui‑
sition and targets for overcoming radioresistance of cells were 
revealed. The DNA‑PKcs specific inhibitor, NU7441, markedly 
decreased colony formation in radioresistant HSC2‑R cells by 
suppressing DDR in the S and G2/M phases. Meanwhile, the 
Rad51 specific inhibitor, IBR2, promoted apoptosis in radiore‑
sistant HSC2‑R cells, but colony formation and DDR were not 
altered compared to 6 Gy irradiation alone, suggesting that HR 
may not be the primary DSB repair pathway in HSC2‑R cells. 
Based on the findings of the present study, the DSB repair 
pathway of radioresistant cells depends on NHEJ. Therefore, 
it is suggested that targeting DNA‑PKcs aids in eliminating 
radioresistant cancer cells, and thus overcoming treatment 
resistance and preventing recurrence. However, the detailed 
molecular pathways underlying this mechanism should be 
studied in the future.
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