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Abstract. CLIC4/mtCLIC (referred to here as CLIC4) is one 
of the seven-member family of chloride intracellular channels 
(CLIC). CLIC4 localizes to the mitochondria, nucleus, cyto-
plasm and other organellular compartments and participates 
in the apoptotic response to stress. However, the role of CLIC4 
in oxidative stress and apoptosis is not well understood. In this 
study, we showed the important role of CLIC4 in apoptosis of 
C6 glioma cells induced by hydrogen peroxide (H2O2). Our 
results showed that CLIC4 protein expression was upregulated 
following H2O2-induced C6 cell apoptosis. The upregulation 
of CLIC4 protein expression was paralleled with an increased 
Bax/Bcl-2 ratio, cytochrome c and cleaved caspase-3 protein 
expression upon H2O2-induced C6 cell apoptosis. Suppression 
of CLIC4 expression by RNA interference enhanced cell 
apoptosis, but the ratio of Bax/Bcl-2 was not involved in this 
process. Dissipation of mitochondrial membrane potential and 
nuclear translocation of CLIC4 were involved in the activation 
of apoptosis induced by H2O2. Our data indicate that CLIC4 
protein may be a key element in the apoptotic response to 
oxidative stress.

Introduction

Oxidative stress is thought to play a critical role in various 
pathological conditions such as stroke, Parkinson's disease, 
Alzheimer's disease, AIDS and cancer, and has been demon-
strated to be related with apoptosis. Hydrogen peroxide (H2O2), 
which is a type of reactive oxygen species (ROS), is often 

used to induce apoptosis and cell injury (1,2). One important 
pathway of H2O2-induced apoptosis appears to involve the 
mitochondrial pathway (3,4), while the ion channel protein was 
found to be involved in the regulation of apoptosis following 
intensive research of the mitochondrial pathway (5,6).

Recently, members of the chloride intracellular channel 
(CLIC) protein family have been implicated in apoptosis. 
CLIC4 is a 28.6-kDa protein corresponding to a cDNA cloned 
from rat brain and also known in the mouse as mtCLIC. CLIC 
is a novel p64-related protein family with seven members (p64, 
CLIC1-5 and parchorin) that are localized in various cellular 
compartments and expressed in multiple tissue types (7,8). 
Unlike most membrane channels, CLIC proteins are present 
in cells both as an integral membrane protein form and as 
soluble protein forms, suggesting that CLICs may have non-
channel functions (9,10). CLIC4 is a newly identified effector 
of apoptosis which is capable of altering mitochondrial 
function, leading to caspase activation and cell death (11-13). 
However, reduction of CLIC4 proteins by antisense expression 
enhances TNFα-mediated apoptosis independent of p53 (14). 
It was also reported that CLIC4 translocates to the nucleus in 
cells following induction of apoptosis by a variety of stress 
inducers, and nuclear-targeted CLIC4 is strongly pro-apoptotic 
even when the mitochondrial apoptotic pathway is inhibited by 
the genetic deletion of Apaf1 (15). These data imply that the 
role of CLIC4 may vary depending on cell type, subcellular 
localization and intensity of stress. Based on these research 
findings we hypothesed that CLIC4 may play an important 
role in the apoptotic response in H2O2-induced C6 cell death.

As there are no specific inhibitors for chloride channels 
available at the present time, we used the DNA vector-based 
RNAi approach for establishing a long-term siRNA strategy 
to block CLIC4 expression in glioma C6 cells. We found 
that H2O2 induced the mitochondrial apoptosis pathway and 
increased expression of CLIC4 in glioma C6 cells. To further 
determine whether CLIC4 is associated with the mitochon-
drial pathway that causes H2O2-induced C6 cell death, MMP 
and expression levels of Bcl-2, Bax, cleaved caspase-3 were 
also examined after treatment with different concentrations of 
H2O2 in mock and siRNA groups. Western blot assay showed 
that the modulating effect of CLIC4 during H2O2-induced 
glioma cell injury was not correlated with the Bcl-2 family. 
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We also found that reduction in expression of CLIC4 increased 
its translocation in C6 cells treated with H2O2.

Materials and methods

Construction of siRNA expression vectors. pSilencer™ 
neo3.1-H1 siRNA and pSilencer™ neo3.1-H1-scramble siRNA 
(Ambion Inc., Austin, TX, USA) were used for DNA vector-
based siRNA synthesis under the control of the H1 promoter 
in vitro. Three CLIC4 mRNA-targeted hairpin siRNAs 
were designed from different positions of the rat glioma cell 
mtCLIC sequence (GenBank™ accession number EF397567). 
The specific siRNA sequences for mtCLIC are shown in 
Table I. These oligonucleotides contain a sense strand of 19 
or 20 nucleotides followed by a short spacer (TTCAAGAGA), 
the antisense strand, and five terminators (Biotechnic, Inc., 
Shanghai, China). A scrambled siRNA (Ambion) which did 
not match any rat sequences in a BLAST search was used 
as a negative control. After annealing, the double-stranded 
complementary oligonucleotides were cloned into the BamHⅠ 
and HindⅢ sites of the pSilencer 3.1-H1 plasmids, followed by 
amplification in E. coli and DNA sequencing.

Cell culture and transfection. The rat glioma C6 cell line 
was obtained from the Cell Bank of the Chinese Academy of 
Sciences (CACAS) (Shanghai, China) and cultured in mono-
layers in plastic flasks in Iscove's modified Dulbecco's medium 
(IMDM) supplemented with 10% fetal bovine serum (FBS) 
and antibiotics (100 kU/l penicillin and 100 mg/l streptomycin) 
in a 95% air, 5% CO2 incubator at 37˚C. For cell transfection, 
Lipofectamine 2000 (Invitrogen) was used for transfecting 
the plasmids following the manufacturer's instructions. The 
resulting recombinant pSilencer 3.1-H1 constructs were then 
introduced into the C6 cells, and the expression of CLIC4 
mRNA and protein was examined by RT-PCR and western 
blotting, respectively. Cells were cultured for another 24 h 
after transfection and used for experiments.

Reverse transcription-PCR. Total cellular RNA was prepared 
with TRIzol (Invitrogen) and was reverse-transcribed with 
Moloney murine leukemia virus (M-MLV) reverse transcrip-
tase (Promega) according to the manufacturer's instructions. 
The PCR reaction was performed following standard proce-
dures. The primers used for PCR amplification are shown 
in Table II. Typical PCR parameters were: 94˚C for 3 min, 
followed by 30 cycles of 94˚C for 30 sec, 55-60˚C for 30 sec, 
72˚C for 45 sec, followed by a final extension step at 72˚C for 
10 min. After amplification, the products were resolved by 
electrophoresis on 1.0% agarose gel, stained with ethidium 
bromide and photographed under ultraviolet light. The ampli-
fication of the PCR products was monitored to assure that the 
PCR was within the range of linearity.

Western blotting. Anti-C terminus CLIC4 antibodies were 
generated as previously described (14) and were kindly 
provided by Professor Stuart H. Yuspa of the National 
Institutes of Health, Bethesda, MD. The affinity-purified anti-C 
terminus CLIC4 antibodies are mono-specific for CLIC4 and 
were used in all experiments, including immunocytochemical 
and western blot analysis. Bcl-2 (sc-492), Bax (sc-7480), 

cleaved caspase-3 (sc-22171), cytochrome c (sc-13156), 
β-actin (sc-47778), and lamin A/C (sc-6215) antibodies were 
purchased from Santa Cruz Biotechnology. SDS-PAGE and 
western blotting were performed using standard techniques 
(16). Briefly, cells were harvested 72 h after transfection and 
lysed on ice in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
1 mM EDTA, 1% NP-40, 1% Na3VO4, 0.1% SDS and 10 µg/ml 
each of aprotinin, pepstatin and leupeptin (Sigma). Following 
centrifugation at 12,000 x g for 5 min, equivalent amounts of 
proteins (30 µg) were subjected to SDS-PAGE using 10-12% 
polyacrylamide gels and transferred onto nitrocellulose 
membranes (Whattman). The membranes were blocked with 
5% bovine serum albumin (BSA) in PBS for 1 h and then incu-
bated overnight at 4˚C with primary antibodies against CLIC4, 
Bcl-2, Bax, cleaved caspase-3 and β-actin. After extensive 
washing, a horseradish peroxidase-coupled anti-rabbit (or 
anti-mouse) antibody (Pierce) diluted in PBS containing 0.1% 
Tween-20 was added for 1 h. Protein loading was analyzed 
by the immunodetection of β-actin antibody and binding was 
detected by DAB stain (Sigma).

Cell viability assay. The viability of the C6 cells was deter-
mined by MTT assays (17). Briefly, C6 cells were seeded in 
96-well plates at a density of 5x103 cells/well and incubated. 
The cells were then exposed to medium containing H2O2 
in different concentrations (0, 62.5, 125, 250, 500, 750 and 
1,000 µM), or treated with 250, 500 and 750 µM H2O2 and/or 
transfected with the pSH1Si-scrambled plasmid or pSH1Si-
CLIC4 plasmid-2. Each treatment was repeated in 5 wells. The 
cells were incubated for 20 h in a 95% air, 5% CO2 incubator 
at 37˚C. Then 10 µl of MTT reagent (5 mg/ml in PBS; Sigma, 
USA) was added to each well and incubated for another 4 h. 
The supernatants were discarded from the wells, and 150 µl 
of DMSO was added and mixed thoroughly to dissolve the 
dark blue crystals of formazan. Absorbance was recorded at a 
wavelength of 570 nm. Results are expressed as the percentage 
of MTT reduction, assuming that the absorbance of the control 
cells was 100%.

Immunocytochemistry. The C6 cells were plated on coverslips 
and incubated overnight, transfected with pSilencer neo3.1-
H1-CLIC4 siRNA or pSilencer neo3.1-H1-scrambled siRNA 
or pSilencer empty vector and then treated with 250, 500 and 
750 µM H2O2 for 24 h. The cells were then fixed in 4% para-
formaldehyde/PBS for 30 min and extensively washed with 
PBS. Fixed cells were permeabilized with 1% Triton X-100 
for 10 min, washed with PBS, the endogenous peroxidase 
activity was quenched after incubation in methanol containing 
3% hydrogen peroxide for 10 min, and then blocked for 1 h 
in 5% bovine serum albumin/PBS. The cells were then incu-
bated simultaneously with anti-C terminus CLIC4 antibodies 
at room temperature. As a negative control, rabbit immuno-
globulins were used to replace the primary antibody. Goat 
anti-rabbit IgG conjugated with horseradish peroxidase was 
used as a second antibody. Immunohistochemical staining 
was carried out manually at room temperature, using an 
avidin-biotin-peroxidase complex method. The criteria for 
immunohistochemical assay results are as follows: cells exhib-
iting brown particle staining in the nucleus or cytoplasm were 
considered positive.
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Nuclear protein extraction. Nuclear extracts were prepared as 
previously described with some modifications (17). Briefly, ~107 
cells were homogenized in 4 ml of cold solution A (0.6% NP-40, 
150 mM NaCl, 10 mM HEPES, pH 7.9, 1 mM EDTA, 0.5 mM 
PMSF) using a homogenizer for 10 strokes. The cell suspen-
sion was incubated on ice for 5 min, then centrifuged at 4˚C 
for 10 min at 3,000 x g. The supernatant was collected and 
stored at -70˚C for western blot analysis of cytosolic proteins. 
The pellets were resuspended in 200 µl cold solution B (25% 
glycerol, 420 mM NaCl, 20 mM HEPES, pH 7.9, 1.2 mM 
MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 5 mg/ml 
pepstain, 5 mg/ml leupetin, 5 mg/ml aprotinin), incubated for 
30 min on ice and centrifuged at 4˚C for 30 min at 20,000 x g. 
The supernatants containing nuclear proteins were collected, 
aliquoted and stored at -70˚C. The protein concentration was 
determined using the Bio-Rad protein reagent.

Measurement of apoptosis by flow cytometry. C6 cells were 
transfected with pSH1Si-scramble plasmid or pSH1Si-CLIC4 
plasmid-2 and then treated with 250, 500 and 750 µM H2O2 
for 24 h. For quantification of apoptosis, culture supernatants 
were collected and washed two times with PBS and fixed with 
70% ethanol, centrifuged and adjusted to a concentration of 
1x106 cells/ml. Incubation with 50 µg/ml propidium iodide 
(Sigma, USA) was carried out in the dark at 4˚C for 30 min. In 
the DNA histogram, the amplitude of the sub-G1 DNA peak 
represents the number of apoptotic cells.

Mitochondrial membrane potential measurement. The 
mitochondrial membrane potential (MMP) was measured 

using the fluorescent probe Rhodamine 123 as previously 
described (18,19). C6 cells transfected with pSH1Si-scramble 
plasmid or pSH1Si-CLIC4 plasmid-2 were then treated with 
250, 500 and 750 µM H2O2 for 24 h, respectively, followed by 
incubation with 10 µM Rhodamine 123. The samples were then 
analyzed by a FACScan flow cytometer (Becton-Dickinson, 
Franklin Lakes, NJ, USA). Ten thousand cells/sample were 
analyzed and the mean fluorescence intensity (MFI) in the 
positive cells was taken as an index of the level of MMP.

Statistical analysis. All experiments were repeated at least 
three times with different batches of cell preparations. Data are 
represented as the means ± SD. Statistical analysis was carried 
out with the SPSS 11.0 program using ANOVA. Results with 
values of P<0.05 were considered to be statistically significant.

Results

CLIC4 protein expression is upregulated during H2O2-induced 
C6 cell injury. C6 cells treated with different concentra-
tions of H2O2 for 24 h exhibited attenuated cell viability in 
a dose-dependent manner (Fig. 1). Following treatment with 
250, 500 and 750 µM H2O2, the cell viability was 82.8±4.78, 
65.68±4.22 and 52.83±3.63%, respectively. H2O2 also induced 
upregulation of CLIC4 protein expression in a dose-dependent 
manner (Fig. 2), suggesting that CLIC4 was involved in the 
H2O2-induced C6 cell injury process.

H2O2 induces C6 cell apoptosis through the mitochondrial 
pathway. Several genes related to apoptosis were also 

Table I. siRNA primer sequences for CLIC4.

Gene Primers 5'→3' sequence

CLIC4-siRNA-1 Forward GATCCGCCTTCAACAGCGAAGTCAATTCAAGAGATTGACTTCGCTGTTGAAGGTTTTTTGGAAA
 Reverse AGCTTTTCCAAAAAACCTTCAACAGCGAAGTCAATCTCTTGAATTGACTTCGCTGTTGAAGGCG

CLIC4-siRNA-2 Forward GATCCGAACAGCATGGAGGACATCTTCAAGAGAGATGTCCTCCATGCTGTTCTTTTTTGGAAA
 Reverse AGCTTTTCCAAAAAAGAACAGCATGGAGGACATCTCTCTTGAAGATGTCCTCCATGCTGTTCG

CLIC4-siRNA-3 Forward GATCCGGCTCAAGACCAGAGGCTAATTTCAAGAGAATTAGCCTCTGGTCTTGAGTTTTTTGGAAA
 Reverse AGCTTTTCCAAAAAACTCAAGACCAGAGGCTAATTCTCTTGAAATTAGCCTCTGGTCTTGAGCCG

Table II. Primer sequences and conditions used for semi-quantitative RT-PCR analysis.

Gene Primers 5'→3' sequence Amplicon size (bp) Annealing temperature (˚C)

CLIC4 Forward AGCAGAAGCAGCAGCAG 762 57
 Reverse ATACCTTGTCTATCCTTGATCCTA

Bcl-2 Forward AACACCAGAATCAAGTGTTCG 447 58
 Reverse TCAGGTGGACCACAGGTGGC

Bax Forward AGGGTTTCATCCAGGATCGAGC 468 58
 Reverse AGGCGGTGAGGACTCCAGCC

GAPDH Forward GGGTGATGCTGGTGCTGAGTATGT 617 58
 Reverse AAGAATGGGTGTTGCTGTTGAAGTC
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examined during H2O2-induced C6 cell injury. Western blot 
analysis demonstrated that Bax, cytosol cytochrome c and 
cleaved caspase-3 protein expression was upregulated, whereas 
Bcl-2 protein expression was downregulated in a dose-depen-
dent manner (Fig. 3A). The ratio of Bax/Bcl-2 was therefore 
increased (Fig. 3B). These results indicated that mitochondrial 
apoptosis pathways were involved in H2O2-induced C6 cell 
apoptosis.

CLIC4-RNAi promotes apoptosis during H2O2-induced 
C6 cell injury. To evaluate the function of CLIC4 in H2O2-
induced C6 cell injury, C6 cells were transfected with three 
different pSH1Si-CLIC4 plasmids. The transfection effi-
ciency was estimated by RT-PCR and western blot analysis. 
Compared with the mock group or pSH1Si-scramble plasmid 
group, the CLIC4 mRNA and protein expression in the 
pSH1Si-CLIC4 plasmid-2 group was significantly decreased 
(Fig. 4). Therefore, the pSH1Si-CLIC4 plasmid-2 was chosen 

Figure 1. Effect of H2O2 on cell viability of C6 cells. C6 cells were seeded 
in 96-well plates at a density of 5x103 cells/well, incubated overnight and 
then exposed to 0, 62.5, 125, 250, 500, 750 and 1,000 µM H2O2 for 24 h. 
The viability of the C6 cells was determined by MTT assay. Values are the 
means ± SD (n=3). *P<0.05, **P<0.01 vs. the control group.

Figure 2. CLIC4 protein expression is upregulated during H2O2-induced C6 
cell injury. (A) C6 cells were treated with H2O2 (0, 250, 500 and 750 µM) for 
24 h, and the levels of CLIC4 protein were assessed by western blot analysis. 
(B) Densitometry was applied to quantify CLIC4 density in western blot 
analysis. The relative CLIC4 protein level was normalized with reference 
to the β-actin protein, and the normalized signal of control was expressed as 
1.0. Values are the means ± SD (n=3), *P<0.05, **P<0.01 vs. the control group.

Figure 3. The mitochondrial apoptosis pathway is involved in H2O2-induced 
C6 cell injury. (A) C6 cells were exposed to 0, 250, 500 and 750 µM H2O2 for 
24 h, and the levels of Bax, Bcl-2, cytochrome c and cleaved caspase-3 pro-
tein were assessed by western blot analysis. (B) The ratio of normalized Bax 
to Bcl-2. Densitometry was applied to quantify the Bax and Bcl-2 density in 
western blot analysis. The Bax and Bcl-2 protein levels were normalized to 
β-actin protein, and the normalized signal of control was expressed as 1.0. 
The ratio was caculated and plotted against various concentrations of H2O2. 
Values are the means ± SD (n=3), *P<0.05, **P<0.01 vs. the control group.

Figure 4. Small interfering RNA constructs specifically reduce CLIC4 mRNA 
and protein expression in C6 cells. The DNA fragments encoding CLIC4-
targeted siRNA (pSH1Si-CLIC4 plasmid-1, pSH1Si-CLIC4 plasmid-2, 
pSH1Si-CLIC4 plasmid-3) were subcloned into the pSilencer 3.1-H1 plasmids 
and were confirmed by restrictive enzyme digestion and DNA sequencing. 
The plasmids were then transfected using Lipofectamine 2000. The transfec-
tion efficiency was estimated by RT-PCR and western blot analysis. (A) The 
CLIC4 mRNA expression in C6 cells transfected with the pSH1Si-CLIC4 
plasmids. (B) CLIC4 protein expression in C6 cells transfected with the 
pSH1Si-CLIC4 plasmids. Lane 1, mock group; lane 2, pSH1Si-scramble 
plasmid; lane 3, pSH1Si-CLIC4 plasmid-1; lane 4, pSH1Si-CLIC4 plasmid-2; 
lane 5, pSH1Si-CLIC4 plasmid-3. (C) Densitometry was applied to quantify 
CLIC4 density in western blot analysis. The relative CLIC4 protein level was 
normalized with reference to the β-actin protein, and the normalized signal 
of control was expressed as 1.0. 
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as a candidate for further experiments. First, the effect of 
CLIC4-RNAi on cell viability in C6 cells treated with 
different concentrations of H2O2 was measured by MTT 
assay. The cell viability was decreased in the mock group, 
pSH1Si-scramble group and pSH1Si-CLIC4 group in a 
dose-dependent manner after 24 h (Fig. 5). Compared with 
the mock group or pSH1Si-scramble plasmid group, the cell 
viability in the pSH1Si-CLIC4 plasmid group was signifi-
cantly decreased (P<0.05), indicating that CLIC4-RNAi 
promotes C6 cell death induced by H2O2.

Next, we evaluated the effects of CLIC4-RNAi on the 
apoptosis rate in C6 cells treated with different concentrations 
of H2O2. As shown in Fig. 6, the apoptosis rate was increased in 
the mock group, pSH1Si-scramble group and pSH1Si-CLIC4 
group in a dose-dependent manner. Compared with the mock 
group or pSH1Si-scramble plasmid group, the apoptosis rate in 
the pSH1Si-CLIC4 plasmid group was significantly increased 
(P<0.05). The C6 cells transfected with the pSH1Si-CLIC4 
plasmid exposed to 750 µM H2O2 exhibited an increase of 
69.3% in the apoptosis rate (P<0.05). These results suggest 
that suppression of CLIC4 expression by RNA interference 
enhanced cell apoptosis in H2O2-treated C6 cells.

Dissipation of MMP is a critical event in the early stages 
of apoptosis. FACS was used to measure the mean mitochon-
drial membrane potential as determined by Rhodamine 123. 
Treatment with 250, 500 and 750 µM H2O2 induced decreases 
in MMP that reached 85.5, 68.9 and 45.1% of the control levels, 
respectively (P<0.05, P<0.01, P<0.01). There was no difference 
between the mock group and the pSH1Si-scramble plasmid 
group in regards to MMP. Compared with the mock group 
or pSH1Si-scramble plasmid group, a significant decrease in 
MMP that reached 69.8, 49.9 and 27.7% of control levels was 
observed in the CLIC4 siRNA-transfected cells after H2O2 
exposure (P<0.05, P<0.05, P<0.05) (Fig. 7). This data clearly 

Figure 5. Effect of CLIC4-RNAi on the cell viability of C6 cells treated 
with H2O2. C6 cells were transfected with pSH1Si-scramble plasmid or 
pSH1Si-CLIC4 plasmid-2 and then treated with 250, 500 and 750 µM H2O2. 
The viability of the C6 cells was determined by MTT assay. Values are the 
means ± SD (n=3), *P<0.05, **P<0.01 vs. corresponding mock or pSH1Si-
scramble group.

Figure 6. CLIC4-RNAi enhances C6 cell apoptosis induced by H2O2. 
(A) C6 cells were transfected with pSH1Si-scramble plasmid or pSH1Si-
CLIC4 plasmid-2 and then treated with 250, 500 and 750 µM H2O2 for 
24 h. The apoptosis rates were analyzed by flow cytometry. (B) Quantitative 
analysis of the apoptosis rate. Values are the means ± SD (n=3), *P<0.05 vs. 
corresponding mock or pSH1Si-scramble group.

Figure 7. Effect of CLIC4-RNAi on mitochondrial membrane potential in 
C6 cells treated with different concentration of H2O2. (A) C6 cells were trans-
fected with pSH1Si-scramble plasmid or pSH1Si-CLIC4 plasmid-2 and then 
treated with 250, 500 and 750 µM H2O2 for 24 h. The mean mitochondrial 
potential was measured by flow cytometric analysis using Rhodamine 123 
probe. (B) Quantitative analysis of the mean fluorescence intensity (MFI) of 
Rhodamine 123. Values are the means ± SD (n=3), *P<0.05 vs. corresponding 
mock or pSH1Si-scramble group.
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showed that H2O2 caused mitochondrial dysfunction, charac-
terized by decreased MMP which may subsequently decrease 
cellular viability leading to cell death.

Apoptotic cell death is also known to be regulated by Bax 
and Bcl-2 proteins. The fate of cells is thought to be determined 
by the balance between pro-apoptotic and anti-apoptotic 
genes. mRNA and protein expression of pro-apoptotic gene 
Bax was upregulated and mRNA and protein expression of 
the anti-apoptotic gene Bcl-2 was downregulated in a dose-
dependent manner in the mock group and pSH1Si-scramble 
plasmid group. Similar results were also found in the pSH1Si-
CLIC4 plasmid group (Fig. 8A and B). The Bax/Bcl-2 ratio 
is the determination of the cell fate. As shown in Fig. 8C, the 
ratio of Bax/Bcl-2 in each group was increased in a dose-
dependent manner, but no differences were noted among the 
mock, pSH1Si-scramble and pSH1Si-CLIC4 groups. These 
results suggest that CLIC4-RNAi promotes apoptosis induced 
by H2O2, but Bax/Bcl-2 is not involved in this process.

CLIC4-RNAi enhances CLIC4 nuclear translocation during 
H2O2-induced C6 cell apoptosis. To further investigate the 
effect of CLIC4-RNAi on apoptosis, we examined the levels 
of CLIC4 protein by immunocytochemistry. As shown in 
Fig. 9, the number of C6 cells decreased in the pSH1Si-CLIC4 
group in a dose-dependent manner. Compared to the mock 
group and the pSH1Si-scramble group, CLIC4 translocation to 
the nucleus in the pSH1Si-CLIC4 group increased in a dose-
dependent manner (Fig. 9).

The levels of CLIC4 protein in the nucleus after H2O2 treat-
ment were examined in the mock cells and cells transfected 
with the pSH1Si-scramble or pSH1Si-CLIC4 plasmids. The 
results showed that the nuclear CLIC4 protein expression was 
upregulated in both the mock group and the pSH1Si-scramble 
group in a dose-dependent manner (Fig. 10). Although the 
CLIC4 protein expression was inhibited by RNAi in the 
pSH1Si-CLIC4 group, nuclear CLIC4 protein was still 
increased in a dose-dependent manner in response to increased 
concentration of H2O2 (Fig. 10). Compared to the baseline, the 

Figure 8. Effect of CLIC4-RNAi on the ratio of Bax/Bcl-2 in C6 cells 
treated with different concentrations of H2O2. C6 cells were transfected with 
pSH1Si-scramble plasmid or pSH1Si-CLIC4 plasmid-2 and then treated with 
125, 250, 500 and 750 µM H2O2 for 24 h. The mRNA and protein expres-
sion of Bax and Bcl-2 was measured by RT-PCR and western blot analysis. 
(A) RT-PCR analysis of the mRNA expression of Bax and Bcl-2 in the dif-
ferent C6 cell groups treated with H2O2. (B) Western blot analysis for protein 
expression of Bax and Bcl-2 in the different C6 cell groups treated with H2O2. 
(C) The ratio of normalized Bax to Bcl-2. Densitometry was applied to quan-
tify the Bax and Bcl-2 density in western blot analysis. The Bax and Bcl-2 
protein levels were normalized to the β-actin protein, and the normalized 
signal of control was expressed as 1.0. The ratio was caculated and plotted 
against various concentrations of H2O2. The result of RT-PCR analysis was 
consistent with the western blot analysis.

Figure 9. CLIC4 protein expression in C6 cells transfected with the pSH1Si-
CLIC4 plasmid as determined by immunocytochemical staining (x400). 
C6 cells were transfected with pSH1Si-scramble plasmid or pSH1Si-CLIC4 
plasmid-2 and then treated with 250, 500 and 750 µM H2O2 for 24 h. The 
CLIC4 expression in C6 cells was evaluated by immunocytochemistry. 
(A) Mock group; (B) pSH1Si-scramble plasmid group; (C) pSH1Si-CLIC4 
plasmid-2 group + 250 µM H2O2; (D) pSH1Si-CLIC4 plasmid-2 group + 
500 µM H2O2; (E) pSH1Si-CLIC4 plasmid-2 group + 500 µM H2O2. Scale 
bar, 25 µm.
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relative fold increases in nuclear CLIC4 protein levels in the 
pSH1Si-CLIC4 group were much more than those in the mock 
or the pSH1Si-scramble groups. These results indicated that 
CLIC4 nuclear translocation plays an important role during 
H2O2-induced C6 cell apoptosis.

Discussion

Apoptosis is a tightly regulated form of cell death, also known 
as programmed cell death (PCD), which is an inherent cellular 
response for effective cellular disposal against develop-
mental and environmental insults. It is an important process 
during normal development and is also involved in various 
diseases such as cancer, viral infections and nerve degenera-
tion. Apoptosis can be induced by diverse stimuli. Common 
signaling mediators, including reactive oxygen species (ROS), 
may damage DNA, lipids, proteins and other macromol-
ecules (20,21). As a type of ROS, hydrogen peroxide (H2O2) 
produces cytotoxicity (22). Thus, H2O2 has been extensively 
used to duplicate the cell model of oxidative damage and 
apoptosis (23).

CLIC4/mtCLIC (referred to here as CLIC4) is one of 
the seven-member family of chloride intracellular channels 
and its biological functions have been thoroughly studied. 
c-Myc and p53 binding sites have been found in the CLIC4 
promoter and CLIC4 is a direct response gene for both c-Myc 
and p53 (12,13). The expression of CLIC4 transcripts is also 
regulated by the tumor necrosis factor (TNF)α (11). CLIC4 is 
upregulated in response to p53-, TNFα- or c-Myc-mediated 
apoptosis which is characterized by changes in the intrinsic 
mitochondrial apoptotic pathway (11-13).

In the present study, we demonstrated that H2O2 induces 
C6 cell apoptosis in a dose-dependent manner and this apop-
tosis is associated with upregulation of cleaved caspase-3 
protein expression and cytochrome c and an increased ratio 
of Bax/Bcl-2. We also demonstrated that H2O2 induced 
decreases in MMP along with an increased apoptosis rate. 
This suggests activation of the mitochondrial apoptosis 
pathway in H2O2-induced C6 cell apoptosis, consistent with 
previous reports (3,4). Notably, the CLIC4 protein expression 
was also upregulated during H2O2-induced apoptosis in C6 
cells, indicating CLIC4 was involved in H2O2-induced C6 cell  
apoptosis.

In the present study, we identified the cDNA nucleotide 
and deduced amino acid sequences of CLIC4 in SD rat glioma 
cells (GenBank accession nunber EF397567). For the first 
time according to the best of our knowledge, we successfully 
constructed a recombinant siRNA expression plasmid which 
significantly inhibits CLIC4 gene expression. Since there was 
an upregulation of CLIC4 detected after H2O2 treatment in 
C6 cells, we considered that downregulation of CLIC4 would 
protect C6 cells against H2O2-induced apoptosis. In contrast, 
suppression of CLIC4 expression by RNA interference 
enhanced H2O2-induced C6 cell apoptosis. The enhance-
ment of cell apoptosis by suppression of CLIC4 expression 
suggests the importance of CLIC4 in H2O2-induced cell 
apoptosis, while the result that CLIC4 protein expression was 
upregulated in cells treated with H2O2 further confirmed the 
importance of CLIC4 in cell apoptosis induced by H2O2. The 
same results were also found to occur in TNFα-mediated 
apoptosis (11,12).

The mitochondrion is a sensitive target for oxidative 
damage under certain pathological conditions, e.g exposure to 
H2O2. Accumulating evidence suggests a central role of the 
mitochondrion in cellular apoptosis (24,25). Dissipation of 
MMP is a critical event in the early stages of apoptosis (26). 
The localization to the mitochondrial inner membrane and the 
putative pore-forming and ion transport activities of CLIC4 
are involved in mitochondrial dysfunction and apoptosis (8). It 
was reported that CLIC4 levels were elevated in mitochondria 
isolated from mtDNA-depleted cells, and specific siRNA for 
CLIC4 reduced MMP measured in mtDNA-depleted L929 
cells (27). Another report showed that overexpression of 
CLIC4 reduced MMP, resulting in the release of cytochrome c 
into the cytoplasm, activation of caspases, and induction of 
apoptosis (12). In the present study, we showed that suppres-
sion of CLIC4 expression by RNA interference promoted a 
decreases in MMP along with an increased apoptosis rate. 
This suggests that the MMP can be regulated by the level of 
CLIC4 expression and CLIC4 is involved in H2O2-induced C6 
cell apoptosis.

Figure 10. Effect of CLIC4-RNAi on CLIC4 nuclear translocation in C6 cells 
treated with different concentrations of H2O2. (A) C6 cells were transfected 
with the pSH1Si-scramble plasmid or pSH1Si-CLIC4 plasmid-2 and then 
treated with 125, 250, 500 and 750 µM H2O2 for 24 h. The nuclear protein 
was then extracted and the level of CLIC4 protein in the nucleus was assessed 
by western blotting. (B) Densitometry was applied to quantify the CLIC4 
density in western blotting. The relative CLIC4 protein level was normal-
ized with reference to the LaminA/C protein and the normalized signal of 
the control was expressed as 1.0. Values are the means ± SD (n=3), *P<0.05, 
**P<0.01 vs. corresponding mock or pSH1Si-scramble group.
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The Bcl-2 family proteins play critical roles in the control 
of apoptosis. The stoichiometry of pro-apoptotic and anti-
apoptotic Bcl-2 family members decides the fate of the cell. 
Pro-apoptotic proteins such as Bax by translocation from the 
cytosol to the mitochondria induce cytochrome c release, 
whereas Bcl-2 exerts its anti-apoptotic activity, at least in part 
by preventing Bax redistribution to mitochondria (28,29). 
Our experiments demonstrated that H2O2 exposure caused an 
increase in the Bax/Bcl-2 ratio and cleaved caspase-3 expres-
sion in a dose-dependent manner and a simultaneous increase 
in CLIC4 expression in C6 cells. It was reported that overex-
pression of CLIC4 induces apoptosis, and CLIC4 cooperates 
with Bax in the induction of cell death (12). Thus, it appears 
that CLIC4 is important in cell apoptosis induced by H2O2. 
However, suppression of CLIC4 expression by RNA interfer-
ence did not increase the ratio of Bax/Bcl-2, but did increased 
the apoptosis rate during H2O2-induced C6 cell  apoptosis. 
These results suggest that CLIC4-RNAi promotes apoptosis 
induced by H2O2, but Bax/Bcl-2 is not involved in this process. 
It was also reported that antisense CLIC4 did not prevent apop-
tosis induced by Bax, suggesting that CLIC4 and Bax function 
through independent pathways (12). Other molecules in addi-
tion to the Bcl-2 family, which are associated with CLIC4, may 
be involved in H2O2-induced C6 cell apoptosis.

It was reported that nuclear translocation of CLIC4 was 
detected in cells undergoing p53-mediated apoptosis. When 
CLIC4 is targeted directly to the nucleus, apoptosis is acceler-
ated and proceeds in the absence of mitochondrial-dependent 
caspase activation (15). To further investigate the effect 
of CLIC4-RNAi on apoptosis, we examined the levels of 
CLIC4 in the nucleus after H2O2 treatment. We demonstrated 
that H2O2 caused nuclear translocation of CLIC4 in a dose-
dependent manner. Suppression of CLIC4 expression by 
RNA interference enhanced the upregulation of CLIC4 in the 
nucleus and increased the apoptosis in H2O2-treated C6 cells. 
This, therefore, suggests that the translocation of CLIC4 to the 
nucleus occurs in H2O2-induced C6 cell apoptosis. The nuclear 
localization signal (NLS) on the C terminus of CLIC4 appears 
to play a crucial role in nuclear translocation (15). CLIC4 
translocation to the nucleus may participate in the alteration of 
pH and chloride ion content that could be involved in apoptotic 
events in the nucleus, such as activation of nucleases and DNA 
fragmentation (30). The translocation of CLIC4 to the cortical 
actin cytoskeleton and its association with AKAP350 at the 
centrosome and midbody may be important for regulating the 
cell cycle (31). Inhibiting the expression of CLIC4 was found 
to trigger both mitochondrial apoptosis involved in Bax/Bcl-2 
and cytochrome c release under starvation and endoplasmic 
reticulum stress-induced apoptosis (32). These results suggest 
a role for CLIC4 in apoptosis independent of ion channel 
regulation. Together, this data show that H2O2-induced C6 cell 
apoptosis is associated with the redistribution of CLIC4 in 
several cellular compartments.

In summary, we demonstrated that suppression of CLIC4 
expression by RNA interference enhanced the apoptotic 
activity of H2O2. Dissipation of MMP and nuclear translocation 
of CLIC4 were involved in the activation of apoptosis induced 
by H2O2. These data suggest that the CLIC4 protein plays an 
important role in the regulation of oxidative stress and apop-
tosis, yet further studies are needed to confirm these findings.
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