
ONCOLOGY REPORTS  42:  561-570,  2019

Abstract. Gastric cancer (GC) is a severe public health 
problem worldwide, particularly in China. Radiotherapy is 
the main locoregional treatment for various types of unresect-
able tumor, including GC. However, many patients fail to 
respond to radiotherapy due to the intrinsic radioresistance 
of cancer cells. This study was designed to investigate the 
effects and potential mechanism of radiosensitization associ-
ated with DNA-dependent protein kinase catalytic subunit 
(DNA-PKcs) inhibitor in human GC cell lines in vitro. Among 
the six GC cell lines (SGC7901, HGC-27, MKN45, MKN74, 
BGC823 and MGC803) that were exposed to increasing 
doses of IR (0, 2, 4, 6 and 8 Gy), the mean lethal dose and 
quasi-threshold dose measurements indicated that BGC823 
and MGC803 were relatively insensitive to ionizing radia-
tion (IR). IR induced significant elevation of γ H2A histone 
family member X (γH2AX) in MKN45 cells compared 
with BGC823 cells. DNA-PKcs and phospho-DNA-PKcs 
protein levels were increased in BGC823 and MGC803 cells 
compared with other GC cell lines (SGC7901, HGC-27, 
MKN45 and MKN74). DNA-PKcs inhibition led to increased 
sensitivity of BGC823 and MGC803 cells to IR. NU7441 
increased γH2AX expression in the nuclei of BGC823 cells 
following IR. Combination of DNA-PKcs and CK2 inhibition 
further increased the sensitivity of GC cells to IR. The combi-
nation of NU7441 and CX4945 increased γH2AX expression 
in the nucleus of BGC823 cells following IR compared with 
treatment with NU7441 alone. Taken together, the findings 
suggest that DNA-PKcs inhibitor increased the sensitivity of 
radioresistant BGC823 and MGC803 cells to radiotherapy 

through the cleaved-caspase3/γH2AX signaling pathway, thus 
presenting a potential treatment method for GC.

Introduction

Gastric cancer (GC) is the fourth most common type of cancer 
globally, with high frequency and mortality rates (1). GC 
remains one of the most severe public health problems world-
wide, and particularly in China (2). Therefore, it is necessary 
to explore potential novel therapeutic methods for treating GC.

Classical adjuvant treatment methods for patients with GC 
are based on MacDonald's protocol, combining 5‑fluoruracil 
(5-FU) and radiation in patients with stage IB-IVA, which is 
associated with increased progression free survival (PFS) and 
overall survival (OS) of patients with GC (3,4).

Radiotherapy is the major loco-regional control method for 
unresectable GC. Unfortunately, intrinsic radio-resistance of 
cells results in failure of radiotherapy in numerous patients (5). 
The guidelines of the National Comprehensive Cancer 
Network recommend radiotherapy as a standard therapy for 
patients with GC. There are two major limitations associated 
with treating GC via radiation: Intrinsic or acquired resistance 
to radiotherapy, and nonspecific toxicity to gastric mucosa 
and the surrounding normal tissues (6,7). For instance, radio-
therapy is routinely used for treating cancer and generates 
various DNA lesions, which in turn activates the DNA damage 
response (8).

DNA double strand breaks (DSBs) are generated by 
ionizing radiation (IR), and can be repaired by non-homologous 
end-joining (NHEJ) and homologous recombination (9,10). 
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) 
is a crucial factor involved in NHEJ, and the DNA-PK complex 
contributes to early-stage damage-induced DNA repair (11). 
DNA-PKcs expression predicts response to radiotherapy in 
patients with prostate cancer (12). Silencing of DNA-PKcs 
leads to increased radiosensitivity and DSBs (13,14). 
Overexpression of DNA-PKcs in patients with nasopharyngeal 
carcinoma has been reported to be associated with a relatively 
poor clinical outcome (15). Silence and loss-of-function muta-
tions of DNA-PKcs were demonstrated to promote apoptosis 
resistance in a number of types of cancer cells, including head 
and neck cancer, leukemia and skin cells (16-18).
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Thus, DNA-PK may be a radiotherapeutic target for 
cancer. In the current study, the function of a DNA-PKcs 
inhibitor in GC cell lines, and the corresponding molecular 
mechanisms were investigated, aiming to identify a potential 
novel treatment method for GC.

Materials and methods

Cell culture. Human BGC823, SGC7901, MGC803, HGC-27, 
MKN45 and MKN74 GC cell lines were obtained from 
Shanghai Institute of Cell Biology (Shanghai, China) and 
cultured in RPMI-1640 medium, supplemented with 10% calf 
bovine serum, 50 U/ml penicillin and 50 U/ml streptomycin in 
an incubator at 37˚C in 5% CO2.

Ionizing radiation. The DNA-PK inhibitor NU7441 (Tocris 
Bioscience, Bristol, UK) was dissolved in dimethyl sulfoxide 
(DMSO) as a 5 mmol/l stock solution and stored at ‑20˚C. A 
casein kinase 2 (CK2) inhibitor, CX4945, was purchased from 
Selleck Chemicals (Houston, TX, USA). Cells were exposed 
to X-rays generated by a Rad Source RS2000 irradiator (Rad 
Source Technologies, Inc., Buford, GA, USA) operating at 
25 mA with a 0.3 mm Al filter and effective photon energy of 
160 kV. The dose rate at an irradiation distance of 48.6 cm was 
1.31 Gy/min.

Clonogenic survival assay. Cells were seeded into 6-well 
plates (2x106) and treated with or without drug (0.1 µM 
NU7441 or 0.5 µM CX4945) following attachment for 4-6 h. 
The next day, the cells were exposed to different doses of IR. 
Cells were incubated for 10-14 days to form colonies, then 
fixed with 100% methyl alcohol for 5 min and stained with 
1% crystal violet for 10 min at room temperature. Colonies 
containing >50 cells were counted. Survival fractions were 
normalized according to the non-irradiated subgroup to elimi-
nate cytotoxicity generated by drug pretreatment. Cell survival 
curves were obtained using GraphPad Prism 7 software 
(GraphPad Software, Inc., La Jolla, CA, USA) according to the 
multitarget single hit model. The radiation-associated param-
eters, mean lethal dose (D0) and quasi-threshold dose (Dq), 
were calculated to evaluate the effect of drug pretreatment on 
the radiosensitivity of GC cells.

Determination of half maximal inhibitory concentration 
(IC50). Determination of the IC50 of NU7441 treatment of 
GC cells was performed using Cell Counting Kit-8 (CCK-8; 
Dojindo Molecular Technologies, Inc., Kumamoto, Japan). 
Briefly, following treatment with increasing concentrations of 
NU7441 (5, 10, 15 and 20 µM) for 48 h, 10 µl CCK-8 solution 
was added to each well and incubated for 2 h. Subsequently, 
the cells were transferred into another 96-well plate and the 
absorbance was detected at 450 nm using a microplate reader 
(Bio-Rad Laboratories, Inc.) to reflect cell viability. The 
IC50 was calculated using CompuSyn software version 1.0 
(ComboSyn, Inc., Paramus, NJ, USA).

Western blot analysis. Cell extracts were prepared in radio-
immunoprecipitation assay lysis buffer (Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany) and the concentra-
tion was measured using a Pierce BCA Protein Assay kit 

(Sigma-Aldrich; Merck KGaA) according to the manufacturer's 
protocol. Briefly, each sample (20 µg protein), prepared with 
loading buffer, was separated by SDS-PAGE on 8% gels and 
electrotransferred onto polyvinylidene difluoride membranes 
(EMD Millipore, Billerica, MA, USA). Membranes were 
blocked in 5% non-fat milk for 1 h at room temperature and 
incubated with primary antibody at 4˚C overnight. GAPDH 
primary antibody (cat. no. G8795; 1:5,000) was purchased 
from Sigma-Aldrich (Sigma-Aldrich; Merck KGaA), γ H2A 
histone family member X (γH2AX; cat. no. 33686; 1:1,000), 
poly [ADP-ribose] polymerase 1 (PARP1; cat. no. 31288; 
1:1,000) and caspase3 (cat. no. 29034; 1:1,000) primary 
antibodies were from Signalway Antibody LLC (College 
Park, MD, USA). The membranes were then washed with 
three times with Tris-buffered saline and incubated with a 
horseradish peroxidase-conjugated secondary antibody (cat. 
no. 7074, 1:10,000; Cell Signaling Technology, Inc., Danvers, 
MA, USA) for 2 h. Finally, the blots were visualized using 
enhanced chemiluminescence (EMD Millipore) and the 
semi-quantification of bands was performed using ImageJ 
(version 1.51; National Institutes of Health, Bethesda, MD, 
USA).

Immunostaining analysis. Cells were incubated with 3% H2O2 
for 10 min, permeabilized with 0.3% Triton X-100 in PBS 
for 15 min and blocked with 10% goat serum for 1 h at room 
temperature. The sections were then incubated with primary 
antibody (γH2AX; cat. no. 33686; 1:100) at 4˚C overnight. 
The next day, sections were washed, incubated with biotinyl-
ated goat anti-rabbit IgG (cat. no. BA-1000; 1:10,000; Vector 
Laboratories, Inc., Burlingame, CA, USA) in PBS for 1 h at 
room temperature and with VECTASTAIN (PK-6200; Vector 
Laboratories, Inc.) for 1 h. A horseradish peroxidase reaction 
product was visualized using an enhanced DAB peroxidase 
substrate kit (cat. no. SK-4100; Vector Laboratories, Inc.). 
Immunostaining signals were analyzed using the optical 
fractionator method with Microbrightfield Stereo‑Investigator 
(MBF Bioscience, Williston, VT, USA). The total number of 
cells in four or five fields of view was counted per sample.

Statistical analysis. Data are presented as the mean ± standard 
deviation. Comparisons between two groups were evaluated 
by the Student's t-test, and comparisons among multiple 
groups were analyzed by analysis of variance followed by 
Newman-Keuls post-hoc analysis using GraphPad Prism 7 
software (GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

BGC823 and MGC803 cell lines are relatively resistant to 
IR. In the present study, six human GC cell lines, SGC7901, 
HGC-27, MKN45, MKN74, BGC823 and MGC803, were 
used, and the relative sensitivities to IR were determined 
by clonogenic survival assay. BGC823 and MGC803 cells 
were the most resistant to IR, with higher D0 and Dq values 
(Fig. 1A and Table I). In addition, the expression levels of 
key regulators involved in cell apoptosis and cell survival 
were detected in all cell lines treated with IR. The expression 
levels of cleaved caspase3 and γH2AX were relatively low in 
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BGC823 and MGC803 cells compared with other cell lines 
following IR. PARP1, the substrate of active caspase3, was 
expressed at a relatively high level in BGC823 and MGC803 
cells (Fig. 1B and C).

To further evaluate their response to IR, immunofluores-
cence was used to observe γH2AX expression following IR 
treatment. BGC823 cells exhibited weak fluorescence signals 
compared with MKN45 cells, indicating a mild double strand 
break induced by IR (Fig. 2A and B).

Overexpression of DNA‑PKcs and its phosphorylated form in 
BGC823 and MGC803 cells. The expression of DNA-PKcs, 
whose expression predicts response to radiotherapy in various 
types of cancers, is responsible for DNA repair (12,19). 
Western blotting detection of DNA-PKcs and p-DNA-PKcs 
proteins indicated that DNA-PKcs was expressed more highly 
in BGC823 and MGC803 cells compared with other GC cell 
lines (Fig. 3A and B).

Inhibition of DNA‑PKcs sensitizes BGC823 and MGC803 
cells towards IR. To determine whether DNA-PKcs were 
responsible for different sensitivities towards IR, NU7441 
(a DNA-PKcs inhibitor) was used to inhibit DNA-PKcs 
activity. Cell viability assays revealed that the IC50 was 
3.724 µM and 4.704 µM for BGC823 and MGC803, 
respectively (Fig. 4A). At a very low concentration without 
significant growth inhibitory effect, 0.1 µM NU7441 
induced a decreased survival fraction in response to IR 
compared with cells treated with DMSO in both BGC823 
and MGC803 cells (Fig. 4B and C; Table II). In addition, 
NU7441 treatment increased γH2AX and cleaved-caspase3 
protein expression levels in BGC823 and MGC803 cells 
treated with IR (Fig. 4D and E); 0.1 µM NU7441 signifi-
cantly elevated IR induced cell apoptosis of BGC823 and 
MGC803 cells (Fig. 4F and G). Furthermore, immuno-
fluorescence analysis  confirmed an  elevation of  γH2AX 
expression in the nucleus in cells treated with NU7441 after 

Figure 1. BGC823 and MGC803 cells are relatively insensitive to IR. (A) Six gastric cancer cell lines (SGC7901, HGC-27, MKN45, MKN74, BGC823 and 
MGC803) were exposed to increasing doses of IR (0, 2, 4, 6 and 8 Gy). (B) Protein expression levels of γH2AX and cleaved-caspase3 were decreased, and 
PARP1 protein expression was increased, in BGC823 and MGC803 cells following IR (4 Gy). (C) Quantification of protein expression levels. **P<0.01 and 
***P<0.0001 vs. SGC7901. IR, ionizing radiation; PARP1, poly [ADP-ribose] polymerase 1; γH2AX, γ H2A histone family member X.

Table I. D0 and Dq of six gastric cancer cell lines towards ionizing radiation.

Parameter SGC7901 HGC-27 MKN-45 MKN-28 BGC-823 MGC-803

lnN 0.689641 0.822859 0.266203 0.524137 0.431782 0.66114
D0 2.795639 2.497502 3.273322 3.303601 4.539265 3.863988
Dq 1.927987 2.055092 0.871368 1.731538 1.959975 2.554638

lnN, ln extrapolation number; D0, mean lethal dose; Dq, quasi-threshold dose.
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Figure 3. DNA-PKcs and p-DNA-PKcs protein expression levels are relatively high in BGC823 and MGC803 cells compared with other GC cell lines. 
(A) Western blotting showed that the protein levels of DNA-PKcs and p-DNA-PKcs were relatively high in BGC823 and MGC803 cells compared with 
other GC cell lines (SGC7901, HGC‑27, MKN45 and MKN74 cells). (B) Quantification of protein levels. The protein expression levels of DNA‑PKcs and 
p-DNA-PKcs in BGC823 and MGC803 cells were compared with those of SGC7901. *P<0.05, **P<0.01, ***P<0.0001 vs. SGC7901. GC, gastric cancer; 
DNA-PKcs, DNA-dependent protein kinase catalytic subunit; p-, phospho-.

Figure 2. IR induces elevation of γH2AX expression in MKN45 cells compared with BGC823 cells. (A) IR (4 Gy) induced γH2AX expression in the nucleus of 
MKN45 cells. (B) IR (4 Gy) did not induce γH2AX expression in the nucleus of BGC823 cells. IR, ionizing radiation; γH2AX, γ H2A histone family member X.
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IR in BGC823 (Fig. 5A and B). These data collectively 
demonstrated that DNA-PKcs was involved in radiotherapy 
sensitivity in GC.

Combination of CK2 inhibitor and DNA‑PKcs inhibitor 
strongly enhances response to radiotherapy in GC cell 
lines. A previous study indicated that CK2 inhibition could 

Figure 4. DNA-PKcs inhibition increases the sensitivity of BGC823 and MGC803 cells to IR. (A) BGC823 and MGC803 cells were exposed to increasing 
concentrations of NU7441 (a DNA-PKcs inhibitor) and the IC50 was calculated. (B) BGC823 and (C) MGC803 cells treated with or without NU7441 (0.1 µM) 
were exposed to increasing doses of IR (0, 2, 4, 6 and 8 Gy). (D) The protein expression levels of cleaved-caspase3 and γH2AX were elevated upon NU7441 
(0.1 µM) treatment in BGC823 and MGC803 cells following IR (4 Gy). (E) Quantification of protein expression levels. **P<0.01 and ***P<0.0001 vs. DMSO. 
(F) NU7441 (0.1 µM) significantly elevated IR induced cell apoptosis of BGC823 and MGC803 cells. (G) Quantification of cell apoptotic rates. **P<0.01 and 
***P<0.0001. DNA-PKcs, DNA-dependent protein kinase catalytic subunit; DMSO, dimethyl sulfoxide; IR, ionizing radiation; γH2AX, γ H2A histone family 
member X; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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increase radiotherapy sensitivity via inhibition of X-ray 
repair cross complementing 1 (XRCC1) (20). In BGC823 and 
MGC803 cells, the combination of CK2 inhibitor (CX-4945) 

and DNA-PKcs inhibitor (NU7441), demonstrated a stronger 
enhancing effect in radiotherapy sensitivity compared with 
NU7441 alone (Fig. 6A and B; Table III). Furthermore, the 

Figure 5. NU7441 treatment increases γH2AX expression in the nucleus of BGC823 cells following IR. (A) Representative image of γH2AX expression in the 
nucleus of BGC823 cells treated with DMSO and IR (4 Gy). (B) Compared with cells treated with DMSO, NU7441 (0.1 µM) treatment augmented γH2AX 
expression in the nucleus of BGC823 cells following IR (4 Gy). IR, ionizing radiation; γH2AX, γ H2A histone family member X; DMSO, dimethyl sulfoxide.

Table II. D0 and Dq in BGC823 and MGC803 treated with or without NU7441 (0.1 µM) towards ionizing radiation.

 BGC823 MGC803
 --------------------------------------------------------------------------- --------------------------------------------------------------------------
Parameter DMSO NU7441 DMSO NU7441

lnN 0.480573 0.421338 0.677018 0.285931
D0 4.526935 3.402518 3.762227 3.30142
Dq 2.175521 1.433612 2.547095 0.943977

lnN, ln extrapolation number; D0, mean lethal dose; Dq, quasi-threshold dose.

Table III. Comparison of D0 and Dq of BGC823 and MGC803 treated with NU7441 (0.1 µM) or NU7441 (0.1 µM) and CX4945 
(0.5 µM) towards ionizing radiation.

 BGC823 MGC803
 ------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------
Parameter NU7441 NU7441 + CX4945 NU7441 NU7441 + CX4945

lnN 0.42853 0.295650242 0.285931 0.104360015
D0 3.434066 2.849814762 3.30142 2.748763057
Dq 1.471602 0.842548424 0.943977 0.286860955

lnN, ln extrapolation number; D0, mean lethal dose; Dq, quasi-threshold dose.
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Figure 6. Combination of DNA-dependent protein kinase catalytic subunit inhibition and CK2 inhibition further increases sensitivity of gastric cancer cells 
to IR. (A) BGC823 and (B) MGC803 cells treated with NU7441 (0.1 µM), or a combination of NU7441 (0.1 µM) and CX4945 (0.5 µM; a CK2 inhibitor), were 
exposed to increasing doses of IR (0, 2, 4, 6 and 8 Gy). (C) Western blotting showed that the combination of NU7441 (0.1 µM) and CX4945 (0.5 µM) induced a 
significant elevation of cleaved‑caspase3 and γH2AX protein expression levels compared with treatment with NU7441 (0.1 µM) alone in BGC823 and MGC803 
cells. (D) Quantification of protein expression levels. **P<0.01 and ***P<0.0001 vs. NU7441. (E) CX4945 further significantly elevated NU7441 induced cell 
apoptosis of GC823 cells and MGC803 cells. (F) Quantification of cell apoptosis rates. **P<0.01 and ***P<0.0001. CK2, casein kinase 2; IR, ionizing radiation; 
γH2AX, γ H2A histone family member X; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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combination of CX-4945 and NU7441 further increased 
γH2AX and cleaved-caspase3 protein expression levels in both 
cell lines (Fig. 6C and D); additionally, CX4945 further signifi-
cantly elevated NU7441 induced cell apoptosis of GC823 cells 
and MGC803 cells (Fig. 6E and F). The elevation of γH2AX 
expression was validated in an immunofluorescence assay 
(Fig. 7A and B).

Discussion

Radiotherapy is one of the standard treatment approaches 
for GC, and can significantly improve the 5 year survival 
rate of patients with GC (21). It is important to maximize the 
therapeutic effect of radiotherapy towards tumor tissues and 
minimize damage to normal tissues (22). Thus, increasing 
sensitivity of GC towards radiotherapy may reduce the 
side effects of radiation. In the current study, inhibition of 
DNA-PKcs enhanced radiotherapy sensitivity of GC cells. 
Combination of DNA-PKcs and CK2 inhibition could further 
augment sensitivity towards radiotherapy.

Activation of DNA-PKcs has been demonstrated to be 
crucial for DNA double strand break repair (23). As DNA-PKcs 
is indispensable for DNA damage repair, its expression 
is an important indicator for response to DNA-damaging 
agents in various types of cancer (12,24). DNA-PKcs also 
promotes cancer cell metastasis via transcriptional regula-
tion (25). In GC, the role of DNA-PKcs is controversial. A 
report demonstrated that the expression of DNA-PKcs was 
frequently elevated compared with normal gastric tissues and 

was associated with relatively lower differentiation (26). In 
another study, loss of DNA-PKcs in GC was associated with 
advanced cancer, lymphatic invasion, lymph node metastasis 
and advanced pTNM stage (27). The activity of DNA-PKcs 
is largely reliant on Ku70/80 and DNA (28). Mechanistically, 
Ku-DNA complex induces conformation change of phos-
phoinositide 3-kinase domain to activate DNA-PKcs (29). In 
human tumor cells, a study revealed that DNA-PKcs activa-
tion was also controlled by the Akt serine/threonine kinase 
pathway. Activated Akt directly interacts with DNA-PKcs to 
promote DSB accumulation of DNA-PKcs, which would lead 
to radiotherapy resistance (30). A recent report discovered 
that microRNA-101 negatively regulates DNA-PKcs and 
downregulation of microRNA-101 was responsible for over-
expression of DNA-PKcs in renal cell carcinoma (31). The 
function of DNA-PKcs in mediating radiotherapy sensitivity 
of GC remains unknown. Expression of DNA-PKcs and its 
active form were increased in GC cell lines that were relatively 
insensitive towards IR. In addition, inhibition of DNA-PKcs 
sensitized GC cells exposed to IR, alongside significantly 
increased expression of γH2AX and cleaved caspase3.

CK2 is a highly conserved kinase that controls the DNA 
damage repair regulation process through phosphorylation 
of its substrates (32). Several reports have indicated that CK2 
enhances radiosensitivity of non-small cell lung cancer cells 
via regulation of XRCC4 (33,34). However, although it modu-
lated DNA damage response, CK2 inhibition failed to increase 
radiosensitivity of malignant glioma cells (35). In GC, CK2 
expression promoted cancer progression and chemoresistance, 

Figure 7. Combination of NU7441 and CX4945 treatment increases γH2AX expression in nucleus of BGC823 cells following IR compared with single 
treatment of NU7441. (A) Representative image of γH2AX expression in the nucleus of BGC823 cells treated with NU7441 (0.1 µM) following IR (4 Gy). 
(B) Combination of NU7441 (0.1 µM) and CX4945 (0.5 µM) induced strong expression of γH2AX in the nucleus of BGC823 cells following IR (4 Gy). 
IR, ionizing radiation; γH2AX, γ H2A histone family member X.
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and predicted poor prognosis (36,37). Inhibition of CK2 
activity further increased radiosensitivity of GC cells treated 
with DNA-PKcs inhibitor. This indicated that CK2 and 
DNA-PKcs are both involved in the radiosensitivity of GC 
cells. A double inhibition strategy using CK2 and DNA-PKcs 
may be effective in improving the effect of radiotherapy in 
patients with GC.

In conclusion, the findings of the study revealed that 
DNA-PKcs expression is important for the sensitivity of GC 
to radiotherapy. Combination of CK2 and DNA-PKcs inhibi-
tion further sensitized GC cells to IR. These results suggest 
that DNA-PKcs and CK2 may be novel therapeutic targets for 
enhancing the effect of radiotherapy for patients with GC.
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