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Abstract: Nasopharyngeal carcinoma (NPC) is a major health problem in the East and Southeast Asia, and the inten-
sity modulated radiotherapy (IMRT) is the current preferred treatment method of NPC, but radioresistance-induced 
residual and recurrent tumors are the main cause of treatment failure. Till now, the mechanism of radioresistance 
and prognostic biomarkers of NPC are still unrevealed. In this study, we collected clinical NPC samples and estab-
lished radioresistant NPC-R cell lines by irradiating NPC cells with fractionation doses of γ-rays. Using genechip 
assay between radioresistance and radiosensitive clinical samples and TMT assay between NPC and NPC-R 
cells, differential expressed genes were examined and the potential biomarker of radioresistance was screened. 
Immunohistochemical assay of NPC clinical specimens showed that CLIC4 was significantly up-regulated in radio-
resistance tumor tissues. In vitro studies confirmed that up-regulation of CLIC4 gene enhanced radioresistance in 
comparison with the alterations of intracellular oxidative metabolism of reactive oxygen species (ROS) and nitric 
oxide (NO) in an opposite way. Correspondingly, inhibition of CLIC4 sensitized NPC cells to irradiation and decreased 
nuclear translocation of iNOS and intracellular level of NO in NPC cells. Interestingly, the capacity for DNA repair had 
no difference between NPC and NPC-R cells. Moreover, because of great interests in using carbon ion irradiation to 
treat NPC effectively, we demonstrated that, after carbon ion irradiation, NPC-R and NPC cells had similar survival 
even under the status of up- or down-regulation of CLIC4. Conclusively, CLIC4 contributes to radioresistance of NPC 
to γ-rays but not carbon ions by regulating intracellular oxidative metabolism of nuclear translocation of iNOS.
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Introduction

Nasopharyngeal carcinoma is characterized  
by distinct geographical distribution and is par-
ticularly prevalent in the East and Southeast 
Asia [1]. Because of the highly sensitive to ion-
izing radiation, the intensity modulated radio-
therapy (IMRT) is the mainstay treatment 
modality for non-metastatic NPC with a 5-year 
recurrence rate as low as 7.4% [2]. But the 
development of radioresistance still limits the 
therapeutic efficacy and prognosis of NPC 
patients. Tumors recurring within one year are 
considered as radioresistant. It was reported 
that about 10% of patients have residual dis-

ease or develop a recurrent disease at the pri-
mary and/or regional site after IMRT [3]. In cur-
rent, the advanced techniques of high energy 
particle therapy, especially the intensity modu-
lated carbon ion therapy (IMCT), has been 
applied to treat NPC with fascinating therapeu-
tic effect [4, 5]. Understanding the mechanism 
of NPC radiosensitivity to different irradiations 
will be conducive to develop novel therapeutic 
strategies.

Over the past decades, enormous efforts have 
been made to identify the biomarkers of the 
poor prognosis of NPC after radiotherapy using 
genechip, microarray, and quantitative pro-
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teomic analyses [6-9]. In general, tumor radio-
resistance is related to multiple signaling  
pathways (e.g., the PI3K/Akt pathway), regulat-
ing genes (e.g., microRNA), anoxic condition, 
angiogenesis, cancer stem cells, autophagy 
and so on [10]. However, almost no overlap 
genes of radioresistance regulation was report-
ed by different literatures, which has promoted 
us to study in-depth. 

Chloride intracellular channel (CLIC) proteins 
are redox-regulated metamorphic proteins, 
where CLIC4 is a member of CLIC family. The 
CLIC family regulates ionic homeostasis, or- 
ganellar volume and electro-neutrality [11], 
cell-cycle, cytoskeletal function, mitosis and 
differentiation [12]. CLIC4 protein has a low 
level in multiple human tumor tissues [13].  
But it is abundant in the cytoplasm including 
endoplasmic reticulum, mitochondrial and nu- 
clear membranes [14-16]. During cell response 
to various stresses, CLIC4 can be translocat- 
ed to nuclear and activates p53 signaling  
pathway and thus contributes to apoptosis 
mediated by c-Myc and p53 [17, 18] or by 
tumour necrosis factor (TNF)-α independent  
of nuclear factor-kappa B (NF-κB) [13]. Re- 
cently, it was found that chloride efflux could  
be triggered by reactive oxygen species (ROS)-
dependent translocation of CLIC4 on plasma 
membrane [19]. Cytoplasmic CLIC4 has multi-
ple functions in apoptosis induction, metabolic 
stress, growth inhibition and inflammatory 
response, but the role of CLIC4 in radiation 
response has not been reported yet.

Our previous studies found that intracellular 
homeostasis plays a key role in cell radiosensi-
tivity. Complex interactions between pro-oxi-
dants and antioxidants are crucial in main- 
taining the normal status of intracellular ho- 
meostasis. Radiation-induced ROS and reac-
tive nitrogen species (RNS) could cause oxida-
tive damage to proteins, lipids and DNA and 
even influence cell microenvironment that is 
closely related to radioresistance [20]. For 
example, the increase of ROS level in the irradi-
ated human hepatocyte carcinoma HepG2 
cells sensitized cellular radiation responses by 
inhibiting cell proliferation [21]. 

In this study, we demonstrated that the high 
expression and cluster distribution of CLIC4 in 
tumor cells regulated microenvironment of in- 
tracellular RNS and then contributed to ra- 

dioresistance of NPC. It is speculated that 
CLIC4 has potential to become a biomarker of 
predicting the prognosis and radioresistance of 
NPC patients.

Material and methods 

NPC patient specimens and online expression 
data 

Patients with diagnosed NPC were consecu-
tively recruited from 2007 to 2018 at the 
Southern Hospital, Southern Medical University 
(Guangzhou, China). All patients were treated 
with IMRT with a total dose of 68 to 70 Gy in 
tumor planning target volume (PTV), 5 times  
a week for 30 to 33 times in all. Paraffin-
embedded NPC specimens (tumour tissues) 
used for gene expression analysis and immuno-
histochemistry (IHC) were obtained from 25 
patients who had undergone conventional 
radiotherapy. Tumour regression status was 
evaluated by tumour enhanced magnetic reso-
nance imaging (MRI) or computed tomogra- 
phy (CT) of head and neck according to the 
Response Evaluation Criteria in Solid Tumours 
(RECIST) in three months after treatment  
completion. Patients with complete remission 
(CR) and partial response (PR) were classified 
as radiosensitive group (RS), while those with 
stable diseases (SD) and progressive diseases 
(PD) were classified as radioresistant group 
(RR). Detailed clinicopathological parameters 
of patients are listed in Table S1. Ethical 
approval for the study of human subjects was 
obtained from the research and ethics com- 
mittee of Nanfang Hospital, and the informed 
consent was obtained from each patient. 
Paired expression data of head and neck  
squamous cell carcinoma (HNSC) cases were 
obtained from the Cancer Genome Atlas (TC- 
GA) Research Network. The data of the gene 
expression profile across all tumor samples 
and paired normal tissues were obtained from 
GEPIA2, a web server for analyzing the RNA 
sequence data from TCGA and GTEx projects, 
using a standard processing pipeline.

Microarray assay and gene expression analy-
sis

Three formalin-fixed paraffin-embedded (FFPE) 
NPC samples with CR and 3 FFPE samples 
before radiotherapy from RR group were used 
for genechip screen. Briefly, total RNA of these 
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samples was extracted and purified using 
RecoverAllTM Total Nucleic Acid Isolation kit 
(Ambion, Austin, TX, US). RNA was amplified, 
labeled and purified by using Ovation FFPE  
WTA system (NuGEN, San Carlos, CA, US) and 
FL-OvationTM cDNA Biotin Module V2 (NuGEN) 
to obtain the biotin-labeled cRNA. Array hybrid-
ization was performed by using GeneChip® 
Hybridization, wash and stain kit (Affymetrix, 
Santa Clara, CA, US) in Hybridization Oven  
645 and Fluidics Station 450 (Affymetrix) fol-
lowed the manufacturer’s instructions. Slides 
were scanned by GeneChip® Scanner 3000 
and analyzed by Command Console Software 
4.0 (Affymetrix) with default settings. Raw  
data were normalized by MAS 5.0 algorithm, 
GeneSpring Software12.6.1 (Agilent technolo-
gies, Santa Clara, CA, US). 

Tumour immunohistochemistry assay 

Immunohistochemical (IHC) assay of CLIC4  
protein expression was performed in 10 radio-
resistant and 9 radiosensitive NPC patients’ 
tissue samples. The tumour sections were  
incubated with primary antibodies of anti- 
CLIC4 (Santa Cruz Biotechnology Inc., Dallas, 
TX, USA; 1:200) for 12 h at 4°C, and incubated 
with HRP-labeled secondary antibodies, then 
visualized with DAB kit (Dako, Glostrup, Den- 
mark). Each tissue section was photographed 
in at least 6 fields randomly and analyzed with 
the ImageJ software (National Institutes of 
Health, USA). The average optical density of 
positive areas in each field was counted from 
9-10 independent tumour samples. 

Cell culture

The human NPC cell lines, CNE1 and CNE2, 
were obtained from the Cancer Center of Fu- 
dan University (Shanghai, China) and authenti-
cated by Short Tandem Repeat (STR) analysis 
(Genesky Biotechnologies Inc., Shanghai). Th- 
ese cells were cultured with RPMI 1640 medi-
um (Gibco Invitrogen, Grand Island, NY, USA) 
supplemented with 10% fetal calf serum (FCS, 
Gibco) and 1% penicillin-streptomycin (Gibco) 
and maintained in an atmosphere of 5% CO2 at 
37°C. 

Establishment of radioresistant NPC cell lines

NPC cell lines of CNE1 and CNE2 were seeded 
at a density of 1 × 106 per 10 cm dish. After  

24 h of culture, cells received fractionated 
doses (2, 2, 4, 4, 4, 4, 6, 6, 6, 6, 8, 8 Gy) of 
γ-rays at a dose rate of 0.73 Gy/min. The γ- 
rays with a LET of 0.25 keV/µm were gene- 
rated from a 137Cs irradiator (Nordion Interna- 
tional Inc., Kanata, Ontario, Canada). After each 
radiation, cells were cultured for a few days to 
allow recovery and then the survived cells were 
exposed to next irradiation. After the final irra-
diation, cells became more radioresistant than 
their parent cells. The radioresistant cells were 
named as CNE1-R and CNE2-R cells (NPC-R 
cells collectively) and their parent cells were 
classified into radiosensitive group (NPC cells 
collectively). Further experiments, NPC-R cells 
were used within 4 to 10 passages after 
establishment.

TMT (Tandem mass tags) assay

Total protein samples were extracted from  
NPC and NPC-R cells using lysis buffer (8 M 
urea, 1% protease inhibitor cocktail) and cen- 
trifuged at 12,000 g for 10 min at 4°C. After 
trypsin digestion, peptides were desalted by 
Strata X C18 SPE column (Phenomenex) and 
dried in vacuum. Peptide was reconstituted in 
0.5 M tetraethyl-ammonium bromide (TEAB) 
and processed according to the manufac- 
turer’s protocol for TMT kit. Peptide mixtures 
were then incubated for 2 h at room tem- 
perature and pooled, desalted and dried by 
vacuum centrifugation. The tryptic peptides 
were dissolved in 0.1% formic acid, directly 
loaded onto a home-made reversed-phase 
analytical column for LC-MS/MS analysis. The 
MS/MS data were analyzed with Maxquant 
search engine (v.1.5.2.8). 

Cell irradiation

The doubling time of NPC and NPC-R cells was 
approximately 20 to 22 h. At 18 h before irra-
diation, exponentially growing cells were tryp-
sinized to generate single-cell suspension and 
seeded in six-well culture plates, Mylar-film 
based dishes and T-25 bottles, respectively. 
Keeping cells in the same cell cycle phases,  
the NPC and NPC-R cells were exposed to 
γ-rays, carbon ions (LETs of 31.6 and 70  
keV/μm) and α-particles, respectively. The 
α-particles were generated from a 241Am plate 
source (Atom High Tech Co. Ltd., Beijing, China). 
The characteristic of α-particles with a LET  
of 100 keV/μm has been described before  
[22]. 290 MeV/u carbon ions with a LET of 70 
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keV/µm were accelerated by the HIMAC fa- 
cility of NIRS (National Institute of Radiological 
Sciences, Japan) [23]. 80 MeV/u carbon ions 
with a LET of 31.6 keV/µm were accelerated by 
the Heavy Ion Research Facility in Lanzhou 
(HLRFL, Institute of Modern Physics, Chinese 
Academy of Sciences, China).

Clonogenic survival assay 

After irradiation, cells were reseeded and cul-
tured for 9-12 days to form colonies and then 
fixed and stained with crystal violet. The num-
ber of surviving colonies with >50 cells was 
counted and the survival fractions (SF) of irradi-
ated cells was normalized to that of nonirradi-
ated control cells. The dose response curve of 
survival was fitted using the single-hit multi-
target model SF = 1-(1-exp (-k*D))N. 

Transfection of lentiviral vector and chemical 
treatment

The cells were transfected with the recombi-
nant lentiviral vector containing the full co- 
ding region of CLIC4 (Lv-CLIC4) or the shRNA 
against CLIC4 and their negative control vec-
tors purchased from Hanyin Biotechnology Co. 
Ltd (Shanghai, China). Two target sequences 
from the RNA interference Consortium shRNA 
Library were used i.e., shRNA-1: GAT GGC AAT 
GAA ATG ACA TTA, shRNA-2: TAT GCC CTC CCA 
AGT ACT TAA. Cells were transduced using 
shRNA-1, shRNA-2 or their combination to 
knock down CLIC4, respectively. For transfec-
tion, NPC cells were cultured with lentivirus  
at a multiplicity of infection (MOI) of 20, and 
puromycin (Sigma-Aldrich, St. Louis, MO, USA) 
at a final concentration of 1 μg/ml was ad- 
ded into the culture medium to select the trans-
fected cells. The efficiencies of CLIC4 knock-
down and overexpression were monitored by 
Western blot assay. In some experiments, 
NPC-R cells were treated with 0.1 mM amino-
guanidine (AG, SelleckChem. Shanghai, China) 
for 12 h to inhibit iNOS activity [24]. 

Immunofluorescence (IF) assay

At indicated time point after 4 Gy γ-ray irradia-
tion, the formation of γ-H2AX, CLIC4 and iNOS 
in cells were detected. In brief, the exponen-
tially growing cells on glass coverslip were 
washed with phosphate buffered saline (PBS) 
triply and permeabilized with 0.5% Triton  
X-100 solution for 15 min at room tempera- 

ture. After blocking with 10% normal goat 
serum for 1 h, cells were incubated with prima-
ry antibodies at 4°C overnight. The primary 
antibodies included anti-CLIC4 (Santa Cruz, 
1:200), anti-iNOS (Abcam, Cambridge, MA, 
USA; 1:200), and anti-phospho-H2AX (γ- 
H2AX) (Cell Signaling Technology, Inc., Danvers, 
MA, USA; 1:200). Then the cells were washed 
with PBS and probed with FITC/PI-conjugated 
secondary antibodies (Cell Signaling Techno- 
logy, 1:400) at room temperature for 1 h. Cell 
nuclei were counterstained with DAPI for 5  
min. The images in at least 6 fields were ran-
domly captured using a fluorescence micro-
scope (Zeiss Axioplan, Germany) and analyzed 
with the ImageJ software. 

Western blot assay

The total cell protein was extracted using RIPA 
lysis buffer, and the nuclear protein was ex- 
tracted according to instructions of nuclear  
and cytoplasmic extraction reagent kit (Be- 
yotime Biotech Ltd., Haimen, China). All pro-
teins were measured by Western blot assay 
using the following antibodies: anti-p-ATM 
(Ser1981), anti-p-ATR (Thr1989), anti-Rad51 
(Cell Signaling Technology, 1:1000), anti-CLIC4 
(Santa Cruz, 1:1000), anti-iNOS (Abcam, 1: 
500), anti-lamin A/C (Abclonal Technology, 
Rocky Hill, CT, USA) and anti-β-tubulin (Be- 
yotime, 1:1000). Proteins transferred on a  
polyvinylidene fluoride (PVDF) membrane 
(Millipore, Bedford, MA, USA) were incubated 
with the primary antibodies overnight at 4°C 
and then labeled with HRP-conjugated antibod-
ies (Beyotime; 1:1000) for 2 h at room temper-
ature. The protein bands were visualized using 
the ChemiDoc XRS system (Bio-Rad Labora- 
tories, Hercules, CA, USA) and their densities 
were measured using the Quantity One soft-
ware (Bio-Rad Laboratories).

Intracellular ROS measurement

Intracellular ROS was detected by cell perme-
able molecular probe of 2’,7’-dichlorofluore- 
scein diacetate (DCFH-DA). Cells were incubat-
ed in serum-free medium containing 3 μM 
DCFH-DA (Beyotime) for 20 min at 37°C and 
then washed with PBS twice to remove any 
residual DCFH-DA. DCF fluorescence intensity 
was immediately detected by a microplate 
reader (Synergy H1, BioTek Instruments, Ver- 
mont, USA) with an excitation wavelength at 
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488 nm and an emission wavelength at 535 
nm. The relative level of ROS in the irradiated 
cells was normalized to the control without 
irradiation.

Nitric oxide measurement

NO free radical has a very short half-life and 
can be oxidized to form two stable NO products 
of nitrate (NO3

-) and nitrite (NO2
-) [25]. The NO 

free radical was quantified indirectly by mea-
suring the concentrations of nitrate and nitrite 
in the irradiated cells and their culture media 
with a NO assay kit (Beyotime) according to  
the manufacturer’s protocol. After reaction, the 
absorbance of sample was measured at 540 
nm using a microplate reader.

Functional enrichment analysis

Differential expressions of proteins and  
mRNAs were subjected to Gene Ontology (GO) 
and biological pathway enrichment analysis 
using the FunRich tool against human back-
ground database. Kyoto Encyclopedia of  
Genes and Genomes (KEGG) pathways were 
conducted using the database DAVID Bioin- 
formation Resources 6.8 (the Database for 
Annotation, Visualization and Integration 
Discovery).

Statistical analysis

Data from more than 3 independent experi-
ments are presented as means ± SEM. 
Student’s t-tests are used for statistical analy-
sis using SPSS 17.0 software (SPSS Inc., 
Chicago, IL, USA). The dose response curves  
of cell survival were compared using the two-
way ANOVA. P<0.05 was considered as signifi-
cant difference between indicated groups.

Results

High expression of CLIC4 gene in HNSC and 
NPC

To identify genes involved in radioresistance  
of NPC, we conducted genechip analysis of 
tumour samples from radioresistant NPC 
patients (n=3) and radiosensitive NPC patients 
(n=3). We also analyzed the gene expression 
data of HNSC cases from TCGA database.  
After comprehensive analysis of the differen-
tially expressed gene data from the genechip 

assay and TCGA database, we found that the 
expression level of CLIC4 in radioresistant  
NPC tumor samples was 1.36-times higher 
than that in radiosensitive NPC tumor sam- 
ples (Figure 1A). CLIC4 expression in the  
HNSC tissues (n=520) was even 3.43-fold of 
that in normal tissues (n=44) (Figure 1B). To 
further identify the clinical implication of  
CLIC4, we measured the protein expression of 
CLIC4 in tumour tissues of other radiosen- 
sitive NPC patients (n=9) and radioresistant 
NPC patients (n=10) with immunohistoche- 
mistry assay. Figure 1C showed that the  
CLIC4 protein had a higher level in radioresis-
tant NPC tumour tissue and localized mainly  
on the cell membrane and cytoplasm. 
Interestingly, the cells with high level of CLIC4 
protein were distributed in cluster inside of 
radioresistant tumour but they were scattered 
in the radiosensitive tumour. 

To further investigate the role of CLIC4 in NPC 
radioresistance, we established radioresi- 
stant cell lines (NPC-R, including CNE1-R and 
CNE2-R) from NPC cell lines (CNE1 and CNE2) 
by fractionation irradiation of γ-rays, and then 
detected the differentially expressed proteins 
in these cell lines by TMT assay. It was found 
that CLIC4 protein level in NPC-R cells was 
about 1.6-fold of that in NPC cell lines (Figure 
1D), in consistent with the status of clinical 
samples. In addition, the Western blot assay 
also showed that the expression of CLIC4 in 
NPC-R cells was higher than that in correspond-
ing NPC cells (Figure 1E). These results mani-
fest that CLIC4 contributes to the radioresis-
tance of both NPC cells and patients, accord-
ingly, it may be applicable as a potential bio-
marker of radioresistance.

Effect of CLIC4 on radiation sensitivity 

Figure 2A demonstrated that, after γ-ray irradi-
ation, the survival of NPC-R cells was higher 
than that of NPC cells. To understand the role 
of CLIC4 in cell radiation response, we de- 
creased CLIC4 expression in NPC and NPC-R 
cells using shRNA-1, shRNA-2, or their combi-
nation (shRNA or sh-CLIC4 hereafter). Western 
blot assay verified that all of these shRNA 
transfection were effective in inhibiting the 
expression of CLIC4 (Figures 2B, S1A). In  
addition, we also overexpressed CLIC4 in  
NPC cells using a lentiviral vector (Figure 2C). It 



CLIC4 contributes to radioresistance of NPC

1405 Am J Cancer Res 2020;10(5):1400-1415

was found that the interfering of CLIC4 sensi-
tized NPC and NPC-R cells to γ-ray irradiation 
(Figures 2D, S1B), whereas the overexpres- 
sion of CLIC4 further enhanced the radioresis-
tance of NPC cells (Figure 2E). 

DNA damage response of NPC cells

The capacity of DNA damage response (DDR) 
has been considered a key factor in regulating 
cell radiosensitivity [26]. To compare DDR 
capacity between NPC and NPC-R cells, we 
conducted immunofluorescence assays of 
γ-H2AX foci at 0.5 h, 2 h and 24 h after 4 Gy  
of γ-ray irradiation (Figure 3A). It was found  
that the formations of γ-H2AX foci in NPC  
cells were slightly lower than in NPC-R cells 

from 0.5 h to 24 h after irradiation, except a 
significant difference at 2 h after irradiation 
(Figure 3B, 3C). These results indicate that  
the capability of DNA damage response may 
not be the main cause of the radiosensitivity 
difference between NPC and NPC-R cells. 

Next, we detected the time response of some 
DDR proteins. Expressions of p-ATM (Ser- 
1981), p-ATR (Thr1989) and Rad51 were 
detected in NPC and NPC-R cells after γ-ray 
irradiation (Figure 3D). Results showed that  
the expression of p-ATR had no significant  
difference between NPC and NPC-R cells. 
Expressions of Rad51 and p-ATM in NPC-R cells 
were higher than that in NPC cells and they 
were enhanced after irradiation. The expres-

Figure 1. Expression of CLIC4 in head and neck squamous cell carcinoma (HNSC) and nasopharyngeal carcinoma 
(NPC). A. Relative expression of CLIC4 in radioresistant (RR) NPC (n=3) and radiosensitive (RS) NPC (n=3) tumor 
tissues analyzed by genechip technology (*P<0.05). B. Expression of CLIC4 in primary HNSC and normal epithelium 
tissues (data from TCGA; raw data was normalized with the TMM method and transformed to count per million 
reads). C. Expression and distribution of CLIC4 in RR (n=10) and RS (n=9) NPC tumor tissues. Scale bars, 100 μm, 
20 μm. CLIC4 IHC staining score showed the numbers of positive CLIC4 cells per 100 cells (***P<0.001). D. Ratio 
of the relative expression of CLIC4 in NPC and NPC-R cell lines examined by TMT technology. E. Protein expression 
of CLIC4 in NPC and NPC-R cell lines. β-tubulin was used as the internal control (***P<0.001 NPC-R versus NPC, 
###P<0.01 CNE1 versus CNE2). Results correspond to the means ± SEM of three independent experiments with 
three replicates in each case. 
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Figure 2. CLIC4 regulated radiation sensitivity of NPC cells in γ-ray irradiation. A. Survival curves of CNE-1, CNE1-R, 
CNE-2 and CNE2-R cells exposed to γ-rays (**P<0.01, ***P<0.001 NPC-R versus NPC; ##P<0.01 CNE1 versus 
CNE2). B. Knockdown of CLIC4 using shRNA in NPC and NPC-R cells. C. CLIC4 in NPC cells overexpressed by the 
recombinant lentiviral vector with the full coding region of CLIC4. D. CLIC4 knockdown decreased radioresistance 
of NPC and NPC-R cells. E. CLIC4 overexpression increased radioresistance of CNE1, CNE2 cells. The dose-survival 
curves were fitted using the single-hit multi-target model. Results correspond to the means ± SEM of three indepen-
dent experiments with three replicates in each case.
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Figure 3. CLIC4 affected the DNA damage response of NPC cells. (A) Representative immunofluorescence images 
and graphs showing cells immunostained with antibodies against γ-H2AX. The indicated cells were exposed to 4 Gy 
of γ-rays and stained at 0.5, 2 and 24 h after irradiation. Untreated cells (0 h) were also stained and served as a 
control. The nuclei were stained with DAPI. Scale bars, 10 μm. Numbers of γ-H2AX foci per positive CNE1/CNE1-R 
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sion of p-ATM in both cell lines increased to a 
high level at 0.5 after irradiation and then 
declined after 2 h after irradiation.  

To explore whether CLIC4 is involved in DDR, 
we detected the expression of DDR proteins in 
CLIC4 knockdown NPC-R cells after γ-ray irra-
diation (Figure 3E). It could be seen that  
CLIC4 knockdown treatment had no signifi- 
cant influence in the expressions of p-ATR and 
Rad51 but it weakened the expressions of 
p-ATM in NPC-R cells at 0.5 h and 2 h after 
irradiation. 

Effects of CLIC4 on the cellular oxidative stress 
after irradiation

It has been reported that the regulation of  
intracellular ROS and RNS are efficient an- 

tioxidant defenses against irradiation [27]. To 
know the relationship between CLIC4 and  
ROS/RNS in regulating radiosensitivity, we 
measured these free radicals in NPC and 
NPC-R cells after γ-ray irradiation. Figure 4A 
illustrates that the intracellular ROS in both 
NPC and NPC-R cells increased until 2 h after 
irradiation and then decreased quickly to con-
trol level at 6 h after irradiation. At 2 h after 
irradiation, the ROS level in NPC cells was  
about 1.35 times of NPC-R cells. When CLIC4 
was knocked down, the intracellular ROS in  
all cell lines were significantly increased to 
1.31-1.34 times of shRNA negative control 
cells at 2 h after irradiation. When CLIC4 was 
overexpressed, the intracellular ROS were  
significantly reduced by 1.3-1.4 times of the 
negative control cells at 2 h after irradiation 

cells (B) and CNE2/CNE2-R cells (C) (**P<0.01). (D) Expressions of DNA repair response proteins in the NPC and 
NPC-R cells at 0.5, 2, 6 and 24 h after irradiation. (E) Expressions of DNA repair response proteins and CLIC4 in the 
CLIC4-knockdown cells at 0.5, 2 and 6 h after irradiation. β-tubulin was used as the internal control. Western blot 
analysis was representative of three independent experiments. 

Figure 4. Time responses of intracellular ROS and NO in the medium of cells irradiated by 4 Gy irradiation of γ-rays. 
(A) Time response of intracellular ROS in NPC-R and NPC cells at 0.5, 2, 6 and 24 h after irradiation. (B) Time re-
sponses of intracellular ROS in CLIC4-knockdown and overexpression cells at 0.5, 2, 6 and 24 h after irradiation. (C) 
Time responses of the concentration of NO in the medium from NPC-R and NPC cells at 0.5, 2 and 6 h after irradia-
tion. (D) Time responses of the concentration of NO in the medium from CLIC4-knockdown and overexpression cells 
at 0.5, 2 and 6 h after irradiation. Results correspond to the means ± SEM of three independent experiments with 
three replicates in each case. In (A) and (C), ***P<0.001 CNE1-R versus CNE1; ###P<0.001 CNE2-R versus CNE2. 
In (B) and (D), *P<0.05, **P<0.01, ***P<0.001 sh-CLIC4 versus negative control (NC); ##P<0.01, ###P<0.001 
lv-CLIC4 versus NC.
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(Figure 4B). Therefore, CLIC4 could negatively 
regulate radiation-induced generation of ROS. 

In contrast to ROS, the concentration of NO  
in the medium of irradiated NPC-R cells were 
higher than that of NPC cells and it was  
maintained at a higher concentration for a  
long time after irradiation (Figure 4C). At 2 h 
after irradiation, the concentration of NO in 
NPC-R culture medium approached to about 
2.35-times of NPC cells. When CLIC4 was 
knocked down, the concentration of NO in the 
cell culture medium decreased to 0.62-0.74 of 
shRNA control cells. When CLIC4 was overex-
pressed, the concentration of NO increased  
to about 2.1-2.6 times of the negative control 
cells at 2 h after irradiation (Figure 4D). 
Accordingly, CLIC4 promoted the generation of 
NO after irradiation.

CLIC4 enhances the nuclear translocation of 
iNOS

NO in the medium should be released from  
irradiated cells. Figure 5A shows that in- 
tracellular NO in NPC-R cells was much higher 
than NPC cells, and the intracellular NO was 
reduced by CLIC4 knockdown. Further im- 
munofluorescence assay showed that the 
expressions of CLIC4 and iNOS in NPC and 
NPC-R cells were increased after irradiation 
and they had much higher level in NPC-R  
cells (Figure 5B). It was found that radiation-
induced iNOS protein was diffused in the  
whole cell at 2 h after irradiation and then 
mainly located in nucleus at 6 h after irradia-
tion, indicating nuclear translocation of iNOS. 
Meanwhile, CLIC4 was mainly located in the 
cell membrane when no stress. After 2 h of 
γ-ray irradiation, the protein level of CLIC4 in 
cytoplasm became much higher than non-irra-
diated control, indicating that radiation stimu-
lated the movement of CLIC4 from membrane 
to cytoplasm. 

Western blot assay of nuclear proteins further 
confirmed the nuclear translocation of iNOS 
(Figure 5C). At 6 h after irradiation, nuclear 
iNOS protein approached to a high level in 
nucleus, especially in NPC-R cells. To explore 
the relationship between CLIC4 and iNOS, we 
detected the expression of iNOS protein in 
CLIC4-knockdown cells and found that knock-
down of CLIC4 decreased the expression of 
iNOS at different time-points after irradiation 

(Figure 5D). Moreover, after knocking down 
CLIC4, nuclear iNOS expression was decreased 
at 6 h after irradiation (Figure 5E), indicating 
that the nuclear translocation of iNOS was  
also inhibited by CLIC4 suppression. 

To verify the effect of NO in radioresistance, we 
treated CNE1-R and CNE2-R cells with amino-
guanidine (AG) to inhibit iNOS (Figure S2). It was 
found that AG treatment increased the radio-
sensitivity of NPC-R cell lines (Figure 5F), indi-
cating the radioresistance was associated with 
the level of intracellular NO in cells. 

Radiosensitivity of NPC and NPC-R cells ex-
posed to carbon ions irradiation

Due to the advantageous physical and biologi-
cal characteristics of carbon ion beam,  
IMCT has been used to improve the outcome  
of locally recurrent NPC [28, 29]. We won- 
dered whether regulation of CLIC4 in radiore-
sistance worked on heavy ion irradiation and 
then measured the survival curves of NPC  
and NPC-R cell lines with or without CLIC4  
regulation after high-LET irradiations. When  
cells were exposed to 70 keV/μm (Figure 6A) 
and 31.6 keV/μm carbon ions (Figure 6B), the 
survival fractions of NPC and NPC-R cells had 
no significant difference, and so do the  
difference of survival curves between CNE1 
and CNE2 cells. In addition, when cells were 
exposed to α-particles with a LET of 100 keV/
μm, the survival of NPC and NPC-R cells were 
also similar (Figure S3). These results indicate 
that, in comparison to NPC cells, NPC-R cells 
are radioresistant to γ-rays but not to high-LET 
irradiations. 

Furthermore, we measured the survival cur- 
ves of CLIC4 regulated-cells exposed to 70 
keV/μm carbon ions irradiation. It was found 
that, the radiation sensitivity of these NPC  
cells were not influenced by CLIC4 regulation  
of either knockdown (Figure 6C) or overexpres-
sion (Figure 6D). Therefore, CLIC4 has no influ-
ence in the sensitivity of NPC cells exposed to 
high-LET carbon ion irradiation.

Discussion 

Radioresistance-induced treatment failure and 
local recurrence continue to be a major prob-
lem in the radiotherapy of NPC. The mechan- 
ism of tumor radioresistance has been a long 
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research topic. Identification of radioresistan- 
ce associated genes will be helpful for finding 
biomarkers to predict NPC radiosensitivity  
and tailoring individualized therapies for NPC 
patients. In this study, we analyzed NPC  
samples from RS/RR patients and NPC/NPC-R 
cells using genechip and TMT assays to iden- 
tify differential expressed genes and proteins 
between radioresistant and radiosensitive 
samples. GO pathway enrichment analysis dis-

closed that the genes concerning immune sys-
tem, oxidation-reduction and metabolic pro-
cess, and cell death regulation were mainly 
enriched for biological process. Genes of extra-
cellular region part, nucleoplasm and mem-
brane-enclosed lumen were mainly enriched 
for cell component. Genes correlated with oxi-
doreductase activity, adhesion and ion bin- 
ding, endopeptidase and DNA topoisomerase 
activity were mainly enriched for molecular 

Figure 5. CLIC4 enhanced nuclear translocation of iNOS resulting in radioresistance. (A) Relative concentration of 
intracellular NO in the CLIC4-knockdown NPC-R and NPC cells (**P<0.01, ***P<0.001 versus NC; ###P<0.001 
NPC-R versus NPC). (B) Representative immunofluorescence staining for CLIC4 (green) and iNOS (red) in NPC and 
NPC-R cells. Nuclei were stained with DAPI. Scale bars, 20 μm. (C) The protein expressions of CLIC4 and iNOS in the 
nucleus of NPC and NPC-R cells. Lamin A/C was used as the internal control. (D) Expressions of iNOS and CLIC4 in 
the CLIC4-knockdown cells. (E) Expressions of CLIC4 and iNOS in the nucleus of CLIC4-knockdown cells at 6 h after 
irradiation. (F) Radiosensitivity of NPC-R cells treated with Aminoguanidine (AG) and exposed to γ-ray (**P<0.01, 
***P<0.001 AG versus Ctrl). In (B-E), cells were exposed to 4 Gy of γ-rays and detected at indicated time points. 
Untreated cells (0 h) were also stained and served as control. Results correspond to the means ± SEM of three 
independent experiments with three replicates in each case. 

Figure 6. CLIC4 had no effect on the radiosensitivity of high-LET irradiation. A. Survival curves of CNE-1, CNE1-R, 
CNE-2 and CNE2-R cells exposed to carbon ions (70 keV/µm). B. Survival curves of CNE-1, CNE1-R, CNE-2 and 
CNE2-R cells exposed to carbon ions (31.6 keV/µm). C. CLIC4 knockdown in CNE1, CNE1-R, CNE2, CNE2-R cells did 
not influence the radiosensitivity of CNE1 and CNE2 cells to carbon ion irradiation. D. CLIC4 overexpression did not 
influence the radiosensitivity of CNE1 and CNE2 cells to carbon ion irradiation. The dose-survival curves were fitted 
using the single-hit multi-target model. Results correspond to the means ± SEM of three independent experiments 
with three replicates in each case.  
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functions (Figure S4). Enrichment analysis of 
KEGG pathway revealed that the differential 
expressed genes might be associated with 
many pathways including glutathione metabo-
lism, carbon metabolism, ECM-receptor inter-
action, cytokine receptor interaction, cell  
adhesion molecules, sphingolipid metabolism 
and NF-κB pathway (Figure S5). Taking these 
analysis results together, it can be identified 
that the major differential genes play cellular 
functions in inflammatory response, extra- 
cellular organization, metabolism and cell 
adhesion. 

It is believed that DNA damage response and 
repair capacity are closely related to radia- 
tion resistance. Ataxia-telangiectasia-mutated 
(ATM) and ataxia telangiectasia and Rad3-
related (ATR) proteins are critical regulators of 
DDR [30]. ATR is activated in response to a  
variety of DNA damage such as single-strand 
break. ATM can be phosphorylated at residue 
S1981 after double strand damage (DSB) for-
mation. Our study showed that the expression 
level of p-ATR had no significant difference 
between radioresistant and radiosensitive 
groups. Although the expressions of p-ATM and 
Rad51 were enhanced in NPC-R cells after 
γ-ray irradiation, the numbers of γ-H2AX foci 
were similar across the NPC and NPC-R cells at 
24 h post-irradiation. Therefore, the biomarker 
of radioresistance might not be on the DNA 
damage repair pathway, in consistent with 
other reports [7, 31]. 

In addition to the DNA damage repair capa- 
city, the redox system including ROS and  
NOS participated in radiation-induced damage 
through different regulatory mechanisms [32]. 
Nevertheless, the endogenous NO at low-to-
moderate steady can increase drug resistance 
and also act as a pro-growth or pro-migration 
signaling molecule [33]. In our study, the up-
regulation of endogenous NO and down-regula-
tion of ROS by CLIC4 increased radioresistance 
synergistically in NPC-R cells. 

Moreover, we wonder whether CLIC4 con- 
tributes to other tumors’ radioresistance. 
Comparing the tumor samples and paired  
normal tissues, CLIC4 is highly expressed in 
glioblastoma (GBM), HNSC, esophageal carci-
noma (ESCA), and pancreatic adenocarcinoma 
(PAAD), but it is lower in breast invasive carci-
noma (BLCA), colon adenocarcinoma (COAD), 

kidney chromophobe (KICH), lung adeno- 
carcinoma (LUAD), rectum adenocarcinoma 
(READ), and uterine carcinosarcoma (UCS) 
(Figure S6). CLIC4 has been declared as a  
novel target for anti-cancer therapy by  
enhancing cell cycle arrest and accelerating 
apoptosis [34]. Increasing evidence is ac- 
cumulating that the expression and activity of 
CLIC4 have clinical relevance, while the exact 
mechanisms by which CLIC4 functions as a 
tumor suppressor or stromal activator are still 
open questions. It has been reported that  
loss of CLIC4 in tumor cells marks malignant 
progression in renal, ovarian, and breast can-
cers [35]. The results from some researches 
strongly implicated CLIC4 in the suppression  
of tumor cell growth and suggested that  
understanding the mechanism of repression of 
CLIC4 in squamous tumors is a priority for 
potential therapy [36]. But in some cancers 
with high expression of CLIC4, such as HNSC, 
its function and mechanisms are almost blank 
in tumor development and therapy. 

In this study, we investigated the influence of 
CLIC4 on radiosensitivity through redox sys-
tem. The overexpression of CLIC4 increased 
the radioresistance of NPC cells, whereas 
inhibiting CLIC4 expression enhanced radio-
sensitivity in NPC and NPC-R cells. We also 
demonstrated that CLIC4 contributes to radio-
resistance by activating iNOS signaling path-
way. After irradiation, CLIC4 could regulate 
p-ATM but not Rad51. Both of them respond to 
DNA DSB repair. Therefore, it hard to say that 
CLIC4 has a direct influence on DNA damage 
repair. 

Recent data suggest that, under a variety of 
cellular stress stimuli, nuclear translocation of 
CLIC4 is mediated by NO-induced S-nitrosyla- 
tion at critical cysteine residue so that the 
redox-sensitive tertiary structure of CLIC4 is 
altered to increase its association with nuclear 
proteins [37, 38]. Our study found that, after 
irradiation, CLIC4 was transported from mem-
brane to cytoplasm and nucleus, in concurrent 
with the induction and nuclear translocation of 
iNOS protein. More importantly, when CLIC4 
was knocked-down or over-expressed in NPC 
and NPC-R cells, ROS was increased or redu- 
ced in the irradiated cells, respectively; but 
opposite to ROS, NO was reduced or increa- 
sed in those irradiated cells, respectively. 
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Meanwhile, inhibition iNOS with AG relieved  
the radioresistance of NPC-R cells. In addition, 
as an upstream signaling of iNOS [39, 40], 
NF-κB pathway positively regulates DDR sig- 
naling kinases [41]. It was also reported that 
CLIC4 was a transcriptional target of NF-κB 
[37], which is consistent with our enrichment 
analysis of KEGG pathway in Figure S5 that  
the differential expressed genes between RR 
and RS group are associated with NF-κB 
pathway. 

While IMRT is the current preferred method in 
the radiotherapy of NPC, IMCT has dosimetric 
advantages with less radiation damage to nor-
mal structures, more overall survival, and local 
and regional recurrence-free survival for 
patients with NPC [4, 5]. Our results showed 
the radioresistance to photon irradiation was 
invalid to carbon ions or α-particles irradiation, 
which provides additional positive information 
to the application of high-LET particle therapy 
of NPC.

Taken together, we applied genomics and pro-
teomic approaches and identified differential 
genes or proteins in the radioresistant NPC 
patients and cell lines (CNE1-R and CNE2-R). 
High expression of CLIC4 correlated with a  
high relapse risk and poor prognosis in NPC 
patients, which implicates that CLIC4 is  
applicable as a potential predictive biomarker 
for NPC prognosis and local recurrence. More- 
over, the oxidative stress response was an 
important factor in the generation of NPC radio-
resistance which could be overcome by high-
LET particle ionizing radiation. These novel find-
ings should have clinical value in distinguishing 
radioresistant individual from primary-care 
NPC patients for personalized radiotherapy. 
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Table S1. Clinicopathological parameters of 
included patient with NPC
Parameters RS RR Number (%)
Age
    ≤50 6 6 12 (48%)
    >50 6 7 13 (52%)
Gender
    Male 6 7 13 (52%)
    Female 6 6 12 (48%)
T stage
    T1-T2 4 5 9 (36%)
    T3-T4 8 8 16 (64%)
N stage
    N0 2 2 4 (16%)
    N1-N3 10 11 21 (84%)
M stage
    M0 9 9 18 (72%)
    M1-M3 3 4 7 (28%)
Pathological
    Differentiated 0 0 0 (0%)
    Undifferentiated 12 13 25 (100%)
Overall reduction rate (%)
    ≤0.5 6 6 12 (48%)
    >0.5 6 7 13 (52%)
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Figure S1. CLIC4 regulated the radiosensitivity to γ-rays. A. Western blotting showing the effect of CLIC4 knockdown 
in the indicated cells stably transfected with CLIC4 shRNA-1 and shRNA-2. B. NPC and NPC-R cells stably trans-
fected with CLIC4 shRNA-1 and shRNA-2 increased radiosensitivity to γ-rays.

Figure S2. Western blotting assay demonstrated the inhibition effect of aminoguanidine (AG) on iNOS protein ex-
pression in NPC-R cells. Cells were exposed to 4 Gy γ-rays and proteins were detected at 2 h after irradiation.

Figure S3. NPC-R cells were not resistant to alpha-particles in comparison with NPC cells. The dose-survival curves 
were fitted using the single-hit multitarget model. Data are the mean ± SEM of three independent experiments with 
three replicates in each case. 
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Figure S4. Pathway enrichment of KEGG databases. A. RR versus RS patients’ samples. B. CNE1-R versus CNE1 cell 
lines. C. CNE2-R versus CNE2 cell lines. 
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Figure S5. Pathway enrichment of Gene Oncology. A. RR versus RS patients’ samples. B. CNE1-R versus CNE1 cell 
lines. C. CNE2-R versus CNE2 cell lines.
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Figure S6. CLIC4 gene expression profile across tumor samples and paired normal tissues. A. Dot plot. Each dot rep-
resented expression of samples. B. Bar plot. The height of bar represents the median expression of certain tumor 
type or normal tissue. Data were from GEPIA2.


