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Abstract. Tumor residue or recurrence is common after radia-
tion therapy for nasopharyngeal cancer (NPC) since the tumor 
cells can repair irradiation-induced DNA damage. The ubiqui-
tination cascade mediates the assembly of repair and signaling 
proteins at sites of DNA double-strand breaks (DSBs). Ring 
finger protein 8 (RNF8) is an E3 ubiquitin ligase that triggers 
ubiquitination at the site of DSBs. The present study aimed 
to identify whether and how RNF8 small interfering RNA 
(siRNA) treatment enhances the radiosensitivity of irradiated 
human NPC cell lines. The CNE1, CNE2, and SUNE human 
NPC cell lines were stably transfected with a constructed 
RNF8-targeting siRNA expression vector. Western blotting 
was used to detect the effectiveness of RNF8 downregula-
tion by RNF8 siRNA. The siRNA-transfected (RNF8-) and 
non-transfected (RNF8+) cells were irradiated at different 
doses by a linear accelerator. The growth inhibition ratio 
and apoptosis rate were detected by the methyl thiazolyl 
tetrazolium (MTT) assay and flow cytometry, respectively. 
The ataxia-telangiectasia mutated (ATM), DNA-PKcs, Chk1, 
Chk2, Nbs1 and Ku80 protein levels in each group were deter-
mined. The growth inhibition ratio and apoptotic percentage 
of RNF8- cells were higher than those of the RNF8+ cells in 
each of the three cell lines. Lower protein expression levels of 
Chk1, Chk2, ATM, and Nbs1 were observed in the irradiated 
RNF8- cells compared to the irradiated RNF8+ cells in each 
of the three cell lines (P<0.01). As a result, a conclusion could 

be drawn that RNF8 recruits and ubiquitinates many factors 
to repair DNA damage, including DSBs, thereby conferring 
radioresistance to NPC cells.

Introduction

Nasopharyngeal cancer (NPC) shows distinct racial and 
geographical distributions (1). A rare disease in Europe 
and USA, NPC is common in Southern China, with a peak 
incidence in this region approaching 30 cases per 100,000 
individuals per year (2). The main therapy for NPC is radiation, 
and the 5-year overall survival rate of patients with NPC after 
radiation or multimodal therapy is approximately 75% (3-8). 
Although the effects of radiation therapy are reliable, many 
patients die of NPC recurrence and therapeutic failure due to 
radioresistance, which has become a serious problem and is 
receiving growing attention.

Radiation kills cancer cells by creating double-strand 
breaks (DSBs). However, if cancer cells become radioresistant, 
then they can repair the damaged DNA when DSBs occur. 
Ubiquitination and, more particularly, E3 ubiquitin ligases 
play important roles in the DNA damage response (9-12). 
One of the key E3 ubiquitin ligases in the response to DNA 
damage is ring finger protein 8 (RNF8), a member of the 
RING finger-containing nuclear factor family (13-15). RNF8 
is a 485-residue nuclear polypeptide with an N-terminal fork-
head-associated (FHA) domain and a C-terminal ring domain. 
RNF8 rapidly accumulates at DSBs via the interaction of its 
FHA domain. It recruits and ubiquitinates checkpoint proteins 
and other DNA repair proteins at the site of DNA damage, 
resulting in DNA repair (13,16-19).

Previous studies have shown that RNF8 can ubiquiti-
nate different proteins and repair irradiation-induced DNA 
damage, thereby promoting cellular resistance to radia-
tion (11). There are two main mechanisms for repairing DSBs 
in DNA: nonhomologous end-joining (NHEJ) and homolo-
gous recombination (HR) (20,21,26-29). The key enzymes in 
NHEJ and HR are members of the phosphoinositide 3-kinase 
(PI3K) family, namely DNA-dependent protein kinase 
(DNA-PK) (22-24) and ataxia-telangiectasia mutated (ATM), 
respectively. DNA-PK, which contains the DNA-PKcs 
subunit, is a critical component of the DNA repair machinery 
that governs the response to DNA damage, serving to main-
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tain genome integrity (25). in contrast, ATM regulates the cell 
cycle and repairs DNA breaks. After cell irradiation, ATM is 
directly ubiquitinated and recruited by RNF8 or activated by 
the Mre11-Rad50-Nbs1 (MRN) complex (9,11). ATM phos-
phorylates proteins, such as the cell-cycle regulation kinases 
Chk1 and Chk2, to trigger the checkpoint to repair DNA 
damage. in NHEJ, the repairing of DNA strands may come 
from different strands, whereas in HR, the strands must have 
a homologous sequence and pair according to base-pairing 
principles (30,31). RNF8-deficient cells are defective in the 
G2/M checkpoint and exhibit sensitivity to ionizing radia-
tion (14,15,32).

In this study, we examined whether RNF8 causes DNA 
repair and promotes the radioresistance of NPC cells. The aim 
of this study was to examine whether and how RNF8-targeting 
small interfering RNAs (siRNAs) enhance the radiosensitivity 
of human NPC cells.

Materials and methods

Cell lines and cell culture. CNE1, CNE2 and SUNE NPC 
cell lines were purchased from the institute of Biochemistry 
and Cell Biology, Shanghai institutes for Biological Sciences, 
Chinese Academy of Sciences Cell Bank (Shanghai, China). 
Cells were maintained in RPMi-1640 medium containing 
10% fetal calf serum (FCS; Hangzhou Sijiqing Biological 
Engineering Materials Co., Ltd., Hangzhou, China). Cells in 
the logarithmic phase of growth were used for all experiments.

Short hairpin RNAs (shRNAs) and transfection of plasmids. 
The shRNAs against human RNF8 and control shRNAs (nonef-
fective short hairpin green fluorescent protein, shGFP) were 
designed and synthesized by Gene Pharma (Shanghai, China). 
The shRNA target sequence for RNF8 was GGACAAUUAU 
GGACAACAAG A, which was previously described (9). Cells 
were seeded at 1x105 cells/well in 6-well plates and cultured 
in antibiotic-free medium for 12 h. When the cell confluency 
reached 30-50%, the cells were transfected with the control 
and RNF8 shRNA plasmids by the Lipofectamine 2000 
reagent (invitrogen, Carlsbad, CA, USA), in accordance with 
the manufacturer's instructions. Six hours later, the cells were 
switched to RPMI-1640 medium containing 10% FCS. After 
24 h, fluorescence microscopy was used to confirm the trans-
fection efficiency. Transfection was repeated three times with 
an interval of 24 h to achieve the maximal effect.

Selection of stably transfected cells. After 2 days, the cells 
were cultured in medium containing the minimum concentra-
tion of hygromycin needed to kill all of the non-transfected 
cells while the transfected cells survived. Then, the cells were 
grown without antibiotic for 10-14 days, until they repopulated 
the culture vessel. These cells were considered to be stably 
transfected. The efficiency of stable transfection of the siRNAs 
was measured by western blot analysis.

Cell grouping and irradiation of the cells. Cells were divided 
into three coupled groups. Groups A1, B1 and C1 consisted 
of CNE1, CNE2 and SUNE cells exhibiting downregulated 
RNF8 gene expression, respectively. Groups A2, B2 and C2 
were untreated CNE1, CNE2 and SUNE cells, respectively. 

A linear accelerator (BJ-6B; Yikeda Medical instrument Co., 
Ltd., China) with a source skin distance of 75 cm, radiation 
area of 20x20 cm and dose rate of 464 cGy/min was used to 
deliver different doses of radiation (0, 4, 6, 8 and 10 Gy) to each 
group. The culture medium in each well or flask was immedi-
ately replaced with fresh medium for subsequent experiments.

Methyl thiazolyl tetrazolium (MTT) assay. MTT (MedChem 
Express, Princeton, NJ, USA) was dissolved in phosphate-buff-
ered saline (PBS) and adjusted to a concentration of 5 mg/ml. 
A total of 3,000 NPC cells were cultured per well in 96-well 
plates. After 36 h of culture, the cells were subjected to 
different doses of irradiation. After 12, 24, 36 and 48 h, 20 µl 
of MTT was added to each well of the 96-well plate and incu-
bated for 4 h at 37˚C. After incubation, the culture medium 
was removed, and 150 µl of dimethyl sulfoxide was added to 
each well. The 96-well plates were gently swirled in the dark 
for 10 min at room temperature. Absorbance values at 490 nm 
(A490) of each well were measured by an enzyme-linked 
immunosorbent detector (Model 550; Bio-Rad, Hercules, CA, 
USA). The cell growth inhibition ratio (%) at each dose was 
calculated according to the following formula: [(A490 of the 
non-irradiated group - A490 of the irradiated group)/(A490 of the 
non-irradiated group)] x 100%.

Annexin V/propidium iodide (PI) double-staining and flow 
cytometry of NPC cells. The cells were digested with 0.25% 
trypsin (C0201; Beyotime Co., Nantong, China), yielding a 
single-cell suspension. Cells were washed twice in cold PBS, 
which was removed from the cell pellet after the second 
wash. Cells were re-suspended in cold 1X binding buffer 
to a concentration of 1x106 to 1x107 cells/ml. Next, 10 µl of 
Annexin V-fluorescein isothiocyanate (FITC) (20 µg/ml, 
100 T; Abcam, Cambridge, UK) were added to the mixture, 
gently vortexed, and incubated for 15 min on ice, with protec-
tion from light. Without washing, 10 µl of PI (20 µg/ml, 100 T; 
Abcam) was added and incubated for 5 min on ice, with protec-
tion from light. Then, 400 µl of binding buffer was added and 
mixed to achieve a single-cell suspension. After staining, the 
samples were analyzed using a fluorescence-activated cell 
sorting (FACS) flow cytometer and CellQuest software (FCS 
Express V3; BD Biosciences, San Jose, CA, USA). The nega-
tive control was a cell sample to which Annexin V-FITC + PI 
was not added.

Figure 1. Western blot results of RNF8 expression in the CNE1, CNE2 and 
SUNE human nasopharyngeal cell lines that had been transfected (RNF8-) 
or not (RNF8+) with RNF8-targeting siRNAs. GADPH was used as a loading 
control. RNF8, ring finger protein 8.
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Detection of protein expression by flow cytometry. NPC 
cells were suspended and washed twice with Buffer 1 (PBS 
containing 0.5% bovine serum albumin), re-suspended in a 
fixation and permeabilization solution (B&D Biosciences 
Pharmingen, San Jose, CA, USA), and incubated for 20 min. 
Cells were washed with Buffer 2 (Perm/Wash buffer solution; 
B&D Biosciences Pharmingen) and incubated for 4 h at 4˚C 
with the primary antibody, which had been diluted in Buffer 2. 
Cells were washed twice with Buffer 2 and re-suspended 
in 50 µl of Buffer 2. DyLight 488-conjugated goat anti-
mouse igG (Multi Sciences Biotech Co., Beijing, China) was 
added to the samples, which were incubated in the dark for 
30 min at 4˚C. After staining and washing twice with Buffer 1, 
the samples were analyzed with a FACS flow cytometer and 
CellQuest software. Primary antibodies included mouse 
anti-human monoclonal antibodies for Chk1 and Chk2 (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), DNA-PKcs 
(NeoMarkers Lab Vision Corporation, Fremont, CA, USA), 
ATM (BioVision Inc., San Francisco, CA, USA), and Ku80 
and Nbs1 (Abcam).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation (–x   ± SD). All statistical analyses were performed 

with the SPSS 18.0 software package. Factorial analysis was 
applied to the measured A values of the MTT assay and to the 
apoptosis rate at each irradiation dose. Multivariate analysis 
of variance was applied to the change in the A values and 
apoptosis rate according to the time after irradiation. One-way 
analysis of variance and linear correlation were used to 
analyze the protein levels of DNA-PKcs, Ku80, Nbs1, ATM, 
Chk1 and Chk2. Differences with a P<0.05 were considered 
statistically significant.

Results

Detection of RNF8 protein expression in the RNF8-silenced 
cells. After repopulating the cells that stably expressed the 
RNF8-targeting siRNA, we detected RNF8 protein expres-
sion with western blot analysis. RNF8 protein expression was 
significantly downregulated in the RNF8- cells of the three 
cell lines (Fig. 1).

Growth inhibition ratios. As shown in Fig. 2, the growth 
inhibition ratio of the CNE1 and SUNE cells increased in an 
irradiation dose-dependent manner and was highest at 24 h 
after irradiation. The growth inhibition ratio of the CNE2 

Figure 2. Growth inhibition ratios (%) of the CNE1 (A and B), CNE2 (C and D) and SUNE (E and F) cell lines as a function of irradiation dose (Gy) and time 
after irradiation (h), for cells that had been stably transfected (RNF8-) or not (RNF8+) with siRNAs against RNF8. RNF8, ring finger protein 8.
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cells was highest at 36 h after irradiation. The growth inhibi-
tion ratio of RNF8- was higher than that of the RNF8+ cells in 
each of the three cell lines. For the 6-Gy dose, the differences 
between A1 and A2, and between C1 and C2 were largest after 
24 h, whereas the difference between B1 and B2 was largest 
after 36 h (Fig. 2).

Apoptotic percentages. As shown in Fig. 3, the percentage of 
apoptotic cells among the CNE1 and SUNE cells increased in 
an irradiation dose-dependent manner and was highest 24 h 
after irradiation. in the CNE2 cells, the apoptotic percentage 
was highest 36 h after irradiation. These results were consistent 
with the results of the MTT assay. The apoptotic percentage 
of the RNF8- cells was higher than that of the RNF8+ cells 
in each of the three cell lines. For the 6-Gy dose, the largest 
difference was observed between the RNF8- and RNF8+ cells 
in the CNE1 and SUNE cell lines after 24 h. in the CNE2 
cells, the largest difference for the 6-Gy dose occurred after 
36 h (Fig. 3).

Protein expression levels. Expression levels of the Chk1, 
Chk2, ATM and Nbs1 proteins in the RNF8- cells in each of 
the three cell lines were lower than the corresponding levels 
in the RNF8+ cells after irradiation (P<0.01). The expres-
sion of DNA-PKcs was not different between the RNF8- and 
RNF8+ cells. The expression of Ku80 was higher in RNF8- 
cells compared to the RNF8+ cells, but the difference was not 
significant (Fig. 4, Table I).

Discussion

The results of the present study indicate that RNF8 recruits and 
ubiquitinates many factors, including Chk1, Chk2, DNA-PKcs, 
ATM and Nbs1, to repair DNA damage, including DSBs. This 
mechanism leads to the radioresistance of NPC cells.

Lu et al (9) previously reported that RNF8 directly binds 
to and ubiquitinates Nbs1, and that RNF8 ubiquitination 
activity is needed for the localization of Nbs1 to DSBs. Further 
analysis revealed that the RNF8 ubiquitination of Nbs1 is 

Figure 3. FACS analysis of the percentage of apoptotic cells (%) among the irradiated CNE1, CNE2 and SUNE cells that were transfected (RNF8-) or not 
(RNF8+) with RNF8-targeting siRNAs. All cell lines were irradiated with 6 Gy. Time-point of analysis was 24 h after irradiation for the CNE1 and SUNE cells 
and 36 h after irradiation for CNE2 cells. Apoptotic cells are indicated in the upper right quadrant of the graphs. RNF8, ring finger protein 8.

Table I. Protein expression levels in the irradiated nasopharyngeal cancer cell lines that were transfected or not with siRNAs 
against RNF8.

 CNE1  CNE2  SUNE
 ------------------------------------------------------  ---------------------------------------------------------  ------------------------------------------------------
Protein RNF8+ RNF8- RNF8+ RNF8- RNF8+ RNF8-

ATM 41.2±5.1 13.1±2.2 52.3±10.3 21.7±4.3 53.6±9.9 17.2±3.0
DNA-PKcs 35.5±6.4 28.9±2.8 37.5±7.2 31.0±4.7 33.8±4.8 27.6±4.1
Chk1 39.6±6.9 13.9±1.9 50.2±9.8 27.8±4.5 48.1±7.4 17.5±2.3
Chk2 50.0±9.6 20.3±4.0 57.9±11.0 25.6±3.2 44.2±6.6 22.4±3.6
Nsb1 32.7±5.5 11.2±1.2 46.8±5.4 14.1±2.2 39.4±5.6 12.9±1.8
Ku80 23.1±4.7 31.8±6.1 35.9±5.6 40.7±5.5 33.5±4.7 38.7±5.1

RNF8- cells were not transfected with siRNAs against RNF8. RNF+ cells were stably transfected with siRNAs against RNF8. RNF8, ring finger 
protein 8; ATM, ataxia-telangiectasia mutated.
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important for promoting DSB repair by HR. The HR process 
requires the function of the MRN complex, which recognizes 
the lesions and recruits ATM to DSBs (33). Thereafter, a series 

of proteins are activated to repair DNA. in the present study, 
the expression of Nbs1 increased after radiation in the RNF8+ 
cells, but not in the RNF8- cells. This result and the previous 

Figure 4. (A) Protein expression levels of ATM, DNA-PK, Chk1, Chk2, Nbs1 and Ku80 in the irradiated CNE1 cells that were transfected (RNF8-) or not 
(RNF8+) with siRNAs against RNF8 24 h after 6-Gy irradiation. The x-axes show fluorescence intensity, the y-axes show cell counts and the numbers on the 
graphs indicate the percentage of positive cells. RNF8. RNF8, ring finger protein 8; ATM, ataxia-telangiectasia mutated.
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observations indicate that RNF8 ubiquitinates and activates 
Nsb1, which is important to the HR pathway and repairs the 
DNA.

Ku80 forms a ring-like structure and completely encircles 
the DSB ends. The ring-like structure may be translocated 
or removed to provide room for DNA-PKcs and other repair 

Figure 4. Continued. (B) Protein expression levels of ATM, DNA-PK, Chk1, Chk2, Nbs1 and Ku80 in the irradiated CNE2 cells that were transfected (RNF8-) 
or not (RNF8+) with siRNAs against RNF8 36 h after 6-Gy irradiation. The x-axes show fluorescence intensity, the y-axes show cell counts and the numbers 
on the graphs indicate the percentage of positive cells. RNF8. RNF8, ring finger protein 8; ATM, ataxia-telangiectasia mutated.
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factors (34). RNF8 may specifically target Ku80 degradation 
or removal at DSB sites. Degradation of Ku80 by RNF8 is 
required for the removal of Ku80 from DSBs (10).

After radiation, the growth inhibition ratio of RNF8- NPC 
cells was higher than that of RNF8+ cells. Thus, cells in 
which RNF8 was silenced were more susceptible to radiation 

Figure 4. Continued. (C) Protein expression levels of ATM, DNA-PK, Chk1, Chk2, Nbs1 and Ku80 in the irradiated SUNE cells that were transfected (RNF8-) 
or not (RNF8+) with siRNAs against RNF8 24 h after 6-Gy irradiation. The x-axes show fluorescence intensity, the y-axes show cell counts and the numbers 
on the graphs indicate the percentage of positive cells. RNF8. RNF8, ring finger protein 8; ATM, ataxia-telangiectasia mutated.
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damage. The flow cytometric results showed that, after radia-
tion, the apoptosis rate of the RNF8- cells was increased, but 
the apoptosis rate of the RNF8+ cells was not changed. This 
result was consistent with the MTT assay results. The apop-
tosis rate of CNE2 cells was lower than the apoptosis rates of 
the CNE1 and SUNE cells, indicating that CNE2 cells have 
stronger radioresistance ability.

We detected the expression of Chk1, Chk2, DNA-PKcs, 
ATM, Ku80 and Nbs1 in the CNE1, CNE2 and SUNE cells 
before and after radiation. The FACS results showed that 
before radiation, each protein had a similar expression level 
in the RNF8- and RNF8+ cells. After radiation, the Chk1, 
Chk2, DNA-PKcs, ATM and Nbs1 protein levels increased in 
the three cell lines in the RNF8+ cells, but the level of Ku80 
decreased. In the RNF8- cells, only the DNA-PKcs and Ku80 
protein expression levels increased. In all three cell lines after 
irradiation, the expression levels of ATM, Chk1, Chk2 and 
Nbs1 in the RNF8- cells were lower than the expression levels 
in the RNF8+ cells. The expression of DNA-PKcs almost did 
not change, but the level of Ku80 was slightly higher.

We conjecture that the HR pathway through which ATM 
acts mainly received ubiquitinated regulation by RNF8. In 
contrast, the NHEJ pathway through which DNA-PK acts 
was not only affected by RNF8, but also regulated in other 
ways. In the RNF8- cells, the decrease in KU80 degradation 
by RNF8 resulted in prolonged retention of KU80 at sites of 
damage and impaired NHEJ repair. The observation of higher 
protein expression levels of Chk1, Chk2, DNA-PKcs, ATM 
and Nbs1 in CNE2 compared to the CNE1 and SUNE cells 
provides further evidence that CNE2 cells have a stronger 
radioresistance ability than the other two cell lines.

The mechanism by which RNF8 improves the radio-
resistance of NPC cells may be theorized from the above 
experimental results. Irradiation leads to an increased expres-
sion of RNF8, which then ubiquitinates DNA-PKcs, ATM, 
and some other proteins to repair the irradiated DNA. Both 
NHEJ and HR are involved in DNA repair. DNA-PK activates 
XRCC4, ligase 4 and other factors. ATM triggers the check-

point between the G1 and S phases, and activates Chk1 and 
Chk2 to repair the injured DNA. Nsb1 is recruited to the DSB 
site and is ubiquitinated. Nsb1 promotes DNA repair through 
the HR pathway. Overall, the DNA damage response prevents 
cells from undergoing apoptosis. The NHEJ pathway is also 
regulated by other factors, which have not yet been studied.

In conclusion, RNF8 recruits and ubiquitinates many 
factors, including Chk1, Chk2, DNA-PKcs, ATM and Nbs1, 
to the impaired DNA site. Ku80 is removed from the impaired 
site to repair the DNA damage (Fig. 5). This mechanism leads 
NPC cells to acquire radioresistance.
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