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Abstract. The radioresistance of glioma is an important cause 
of treatment failure and tumor aggressiveness. In the present 
study, under performed with linear accelerator, the effects of 
0.3 and 3.0 Gy low‑dose radiation (LDR) on the proliferation 
and migration of C6 glioma stem cells in vitro were exam‑
ined by flow cytometric analysis, immunocytochemistry and 
western blot analysis. It was found that low‑dose ionizing 
radiation (0.3 Gy) stimulated the proliferation and migration 
of these cells, while 3.0 Gy ionizing radiation inhibited the 
proliferation of C6 glioma stem cells, which was mediated 
through enhanced Wnt/β‑catenin signaling, which is associ‑
ated with glioma tumor aggressiveness. LDR treatment 
increased the expression of the DNA damage marker γ‑H2AX 
but promoted cell survival with a significant reduction in 
apoptotic and necrotic cells. When LDR cells were also treated 
with an inhibitor of Wnt receptor 1 (IWR1), cell proliferation 
and migration were significantly reduced. IWR1 treatment 
significantly inhibited Wnt1, Wnt3a and β‑catenin protein 
expression. Collectively, the current results demonstrated that 
IWR1 treatment effectively radio‑sensitizes glioma stem cells 
and helps to overcome the survival advantages promoted by 

LDR, which has significant implications for targeted treatment 
in radioresistant gliomas.

Introduction

Gliomas are the most common malignant brain tumors in the 
central nervous system with multiple histologic subtypes and 
malignancy grades (1,2). Despite advances in treatment strate‑
gies that combine surgical resections with radiotherapy and 
chemotherapy (3,4), the results of combined therapies have not 
efficiently reduced the high mortality rate of glioma (5,6). For 
instance, malignant gliomas originating from astrocytoma are 
characterized by a dismal prognosis, frequent recurrence and 
a low five‑year survival rate (3,5,7,8), and all of these factors 
have become major hurdles to the effective treatment of 
gliomas. Therefore, it is important to develop innovative and 
effective treatments for gliomas. Stem cells may be utilized to 
design novel treatments for malignant gliomas (9,10).

Accumulated studies have indicated that gliomas 
demonstrate considerable clonal evolution through sequen‑
tial selection by the tumor microenvironment  (11,12) and 
contain a population of glioma stem cells (GSCs) that exhibit 
stem‑like characteristics, including maintained proliferation, 
self‑renewal and differentiation (13,14). Increasing evidence 
has suggested that GSCs play critical roles in tumor initiation, 
progression, prognosis and resistance to conventional chemo‑
radiotherapy (15‑17). The remarkable oncogenic complexities 
of GSCs have generated overwhelming interest in improved 
defining and characterizing these cells and determining novel 
pathways driving glioma progression and recurrence that 
could lead to effective therapeutic targets.

Wnt/β‑catenin signaling plays a key role in regulating the 
tumorigenesis and development of gliomas (18,19). The aber‑
rant activation of Wnt/β‑catenin signaling is involved in the 
chemo‑radioresistance of glioma, while it is also crucial for 
the maintenance of GSCs (20). Activation of Wnt/β‑catenin 
signaling was also reported to promote radioresistance in 
glioma cells. Cyclophilin A was shown to facilitate stem‑
ness, self‑renewal and radioresistance of GSCs by activating 
Wnt/β‑catenin signaling (21). In addition, Wnt/beta‑catenin 
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signaling is involved in regulating the proliferation and apop‑
tosis of glioma cells (22).

In the present study, the expression of Wnt1, Wnt3a and 
β‑catenin was examined and it was identified that they were 
upregulated in the proliferation and migration of C6 GSCs 
after low‑dose radiation (LDR). Accordingly, it was deduced 
that activated Wnt/β‑catenin signaling is closely associated 
with the proliferation and migration of GSCs. The results of 
pretreatment with Wnt receptor 1 (IWR1) indicated that IWR1 
can specifically block or inhibit the proliferation and migra‑
tion of C6 GSCs induced by LDR, which suggests that IWR1 
is an effective radiosensitizer of GSCs that can be exploited 
and utilized.

Materials and methods

Cell culture. For culture preparation of C6 GSCs, C6 glioma 
cells were adherently cultured in a humidified incubator 
with 5% CO2/95% air at 37˚C with DMEM/F12 1:1 medium 
(cat. no. 11330‑032; Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% fetal bovine serum (MilliporeSigma) after 
freeze thawing. A total of ~2 or 3 days later, living C6 glioma 
cells were dispersed completely with enzymatic digestion of 
trypsin solution (cat. no. T‑4799; MilliporeSigma), and the 
cell suspension was centrifuged for 5 min at 518 x g. The 
supernatant was discarded, and the cell pellet was resuspended 
and seeded at a density of 0.5x105 cells in a T 25 cm2 culture 
flask in serum‑free DMEM/F12 1:1 medium with 2% B27 (cat. 
no. 10587‑010; Invitrogen; Thermo Fisher Scientific, Inc.), 
20 ng/ml recombinant human epidermal growth factor (cat. 
no. 450‑02; PeproTech, Inc.), and 20 ng/ml basic fibroblast 
growth factor (cat. no. 100‑18B; PeproTech, Inc.). The suspen‑
sion of cultured C6 clonal spheres gradually formed and grew 
with increasing cell numbers and was passaged for ~4 or 
5 days. After the third passage, the clonal spheres were ready 
to conduct subsequent experiments.

BrdU incorporation and identification. For neurochemical 
identification of C6 GSC properties, a 5‑bromodeoxyuridine 
(BrdU) incorporation experiment was performed in suspen‑
sion‑cultured C6 clonal spheres for ~3 or 4  days. BrdU 
(MilliporeSigma) dissolved in culture medium was added 
at 10 µM and incubated for 24‑48 h. Then, the C6 clonal 
spheres were seeded on coverslips coated with poly‑L‑lysine 
(cat. no. P6282; MilliporeSigma) and incubated for 2‑4 h in 
a humidified incubator with 5% CO2/95% air at 37˚C. The 
C6 clonal spheres were fixed with 4% paraformaldehyde for 
40 min at room temperature (RT). After being completely 
rinsed with 0.01 M PBS, the C6 clonal spheres were pretreated 
with 2 N HCl for 1 h at 37˚C and boric acid buffer (pH 8.5) 
for 10 min at RT. BrdU‑incorporated cells were visualized by 
an immunostaining protocol (23). Briefly, cells were incubated 
with blocking solution 0.3% Triton X‑100 containing 1% 
donkey serum (cat. no. V11307; Invitrogen; Thermo Fisher 
scientific, Inc.) for 30 min and sequentially incubated with 
a primary antibody mixture of mouse anti‑BrdU (1:500; cat. 
no.  MAB3262F; Chemicon International; Thermo Fisher 
Scientific, Inc.) and goat anti‑CD133 (1:200; cat. no. sc23797; 
Santa Cruz Biotechnology, Inc.) at 4˚C overnight and a 
secondary antibody mixture of f luorescein‑conjugated 

donkey anti‑mouse IgG Alexa Fluor 488 (1:2,000; cat. 
no. R37114; Invitrogen; Thermo Fisher Scientific, Inc.) and 
rhodamine‑conjugated donkey anti‑goat IgG 594 (1:2,000; 
cat. no. 43R‑GD001RD; Biosynth Ltd.) for 4 h at RT. The 
cell coverslips were mounted with Fluorescence‑preserving 
VECTASHIELD mounting medium (cat. no. H‑1000; Vector 
Laboratories, Inc.) and examined under a laser scanning 
confocal microscope (FV‑1000; Olympus Corporation).

Low‑dose ionizing radiation and IWR1 pretreatment. To 
determine the biological responses of C6 GSCs treated with 
low‑dose ionizing radiation, cell experiments were designed 
with a control, 0.3, 0.3 Gy + IWR1 and 3.0 Gy radiation groups. 
Before low‑dose ionizing radiation, C6 GSCs were pretreated 
with 10 µmol/l IWR1 (cat. no. S7086; Selleck Chemicals) 
for 15‑30 min in the low‑dose (0.3 Gy) + IWR1 group. The 
low‑dose ionizing radiation experiments were conducted 
according to a previously described method (24). Ionizing 
radiation was performed with a 6 MV X‑ray of a Varian 23 
EX linear accelerator. A radiation dose of 0.3 Gy or 3.0 Gy 
was administered at a dose rate of 3.0 Gy/min. After they were 
subjected to radiation, C6 clonal spheres were sequentially 
cultured for 48 h and harvested to conduct flow cytometry and 
western blot experiments. A small number of clonal spheres 
were seeded on coverslips and incubated in serum‑containing 
culture medium for 24  h to conduct the morphology and 
immunocytochemistry experiments.

Flow cytometric analysis. The harvested C6 clonal spheres 
were dispersed with Accutase (cat. no.  A1110501; Gibco; 
Thermo Fisher Scientific, Inc.) for 5‑8 min and mechanically 
dissociated into a single cell. Cell suspensions were adjusted 
to a cell density of 5x105/cm2 or 1x106/cm2. Flow cytometric 
analysis (CytoFLEX S; Beckman Coulter, Inc.) was performed 
to detect cell survival, necrosis and apoptosis by using an 
Annexin V/PI staining kit (BB‑4101; BestBio Science). The 
distributions of cell survival, necrosis, early apoptosis and late 
apoptosis are shown with dot images and percentage data.

Immunocytochemistry. Adherent cells migrated from C6 
clonal spheres and were fixed with 4% paraformaldehyde 
for 15 min at RT. The fixed cells were incubated at 4˚C over‑
night with primary antibodies, including rabbit anti‑γ‑H2AX 
(1:2,000; cat. no. ab11174; Abcam), rabbit anti‑Wnt1 (1:3,000; 
cat. no.  ab15151; Abcam), rabbit anti‑Wnt3a (1:2,000; cat. 
no.  ab28472; Abcam) and rabbit anti‑β‑catenin (1:5,000; 
cat. no.  C2206; MiliporeSigma). Next, the cell coverslips 
were incubated with the appropriate secondary antibodies 
donkey anti‑rabbit IgG‑Alexa Fluor 488 (1:3,000; cat. 
no. R37118; Invitrogen; Thermo Fisher Scientific, Inc.) and 
rhodamine‑conjugated donkey anti‑goat IgG 594 (1:2,000; cat. 
no. 43R‑GD001RD; Biosynth Ltd.) for 2‑4 h at RT. Hoechst 
33342 (MilliporeSigma) was used to stain all nuclei. Cell 
coverslips were mounted onto slides and observed under a 
laser scanning confocal microscope.

Western blot analysis. The harvested cells were treated with 
RIPA lysis buffer (CW2334S; CWBIO) for 30 min (on ice), 
collected and centrifuged at 6,600  x  g for 10‑15  min at 
4˚C. The supernatant was collected, and the total protein 
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concentration was estimated using a BCA assay. Total proteins 
(20‑30 µg) were loaded in each well and separated by 10 and 
12% SDS‑polyacrylamide gel electrophoresis, transferred to 
PVDF membranes, blocked with 5% milk or bovine serum 
albumin (MilliporeSigma) at RT for 1  h, and incubated 
overnight at 4˚C with the following primary antibodies: 
γ‑H2AX (1:2,000), Wnt1 (1:3,000), Wnt3a (1:2,000) and 
β‑catenin (1:5,000). The following day, they were incubated 
with HRP‑conjugated mouse anti‑rabbit IgG secondary anti‑
body (1:3,000; cat. no. sc‑2357; Santa Cruz Biotenchnology, 
Inc.) for 1 h at RT. The protein bands were visualized by 
incubating the membranes in Ultra High Sensitivity ECL 
substrate solution (cat. no. ab133409; Abcam). The bands 
were analyzed and documented using ImageJ 2.0 software 
(National Institutes of Health) and GraphPad Prism 5.0 
software (Dotmatics).

Statistical analysis. All data are presented as the mean ± SEM. 
Statistical comparisons between or among groups were 
performed using Student's t‑tests and one‑way ANOVA 
followed by Dunnett's post hoc test. The data were collected 
from three independent experiments and analyzed using 
GraphPad Prism 5.0 software (Dotmatics). The difference was 
considered statistically significant when P<0.05.

Results

C6 GSCs show self‑renewal and strong proliferation. The 
self‑renewing and proliferative capacities of C6 GSCs were 
investigated in vitro. When third‑passage C6 GSCs from C6 
glioma cell lines were cultured in serum‑free conditioned 
medium, it was found that non‑adherent cultured C6 GSCs 
were large and rounded with strong light refraction. C6 
GSCs gathered into clonal spheres and expanded rapidly. 
The passaged clonal spheres had the same self‑renewing and 
proliferative abilities as the first‑passage C6 GSCs (Fig. 1A). 
The clonal spheres were clearly observed and examined by 
double immunofluorescence staining for incorporation of the 
proliferation indicators BrdU and CD133 (a cancer stem cell 
marker), and the results revealed that both BrdU and CD133 
were positively expressed on the cell nuclei. The statistical 
data indicated that the ratio of BrdU/CD133‑positive cells 
reached 90% (Fig. 1B).

The characteristics of proliferative and migratory C6 GSCs 
pretreated with IWR1 after LDR. To observe C6 GSC prolif‑
eration and migration, the cells were treated with IWR1 after 
LDR for 48 h. The clonal spheres completely adhered to the 
coverslips at 4 h, and gradually, treated cells surrounding 
the clonal spheres in the 0.3 Gy group spread out over long 
distances, migrated and distributed completely for 24‑48 h. 
However, for treated cells in the 3.0 Gy group, the cell protru‑
sions shortened, and cell migration over a long distance 
remained stagnant. The proliferation of C6 GSCs pretreated 
with IWR1 after LDR significantly decreased, cell numbers 
markedly decreased, and the capability of C6 GSCs to form 
clonal spheres notably decreased compared with that of 
the control group (Fig. 2A). The statistical analysis demon‑
strated that the cell numbers of single clonal spheres and the 
migration distances of C6 GSCs in the treated groups were 

significantly different compared with those in the untreated 
group (Fig. 2B and C).

Enhanced cell survival and proliferation of C6 GSCs after 
LDR, which can be blocked by IWR1. The clonal spheres were 
subjected to LDR after pretreatment with 10 µmol/l IWR1 
for 15‑30 min and continued to be cultured for 48 h, after 
which they were collected and subjected to flow cytometric 
analysis for cell survival and apoptosis. The percentages 
of cell survival, necrosis, and early and late apoptosis are 
presented in the dot distribution image (Fig. 3A). Quantitative 
data revealed that the 0.3  Gy group exhibited increased 
cell survival and decreased apoptotic or necrotic cell death 
(P<0.001 vs. the control), while decreased cell survival and 
increased late apoptosis were observed in the 3.0 Gy group 
(P<0.05 or P<0.001 vs. the control). However, the percentages 
of cell survival and apoptotic and necrotic cells significantly 
decreased in the 0.3 Gy + IWR1 group (P<0.001 vs. 0.3 Gy). 
These results indicated that the enhanced cell survival and 
proliferation of C6 GSCs induced by LDR could be blocked 
by pretreatment with 10 µmol/l IWR1 (Fig. 3B).

Figure 1. Morphology of passaged C6 GSCs from C6 brain glioma cell lines 
and the detection of BrdU and CD133 double immunofluorescence staining 
on C6 clonal spheres. (A) The suspended C6 GSCs were large and rounded 
with strong light refraction, gathered into clonal spheres and expanded 
rapidly. The third‑passage clonal spheres had the same self‑renewing and 
proliferative abilities as the first‑passage C6 GSCs. (B) The results revealed 
that both BrdU and CD133 were positively expressed in the cell nuclei, and 
the statistical data indicated that the ratio of BrdU/CD133‑positive cells 
reached 90%. Scale bar, 100 µm. GSCs, glioma stem cells.
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High expression of γ‑H2AX on C6 GSCs pretreated with IWR1 
after LDR. To evaluate the effect of LDR, staining for γ‑H2AX, 
a DNA damage marker, was performed. The fluorescence 
intensity of the γ‑H2AX‑positive cells was revealed after LDR. 
The results revealed a significant increase in the fluorescence 
intensity of γ‑H2AX‑positive cells after LDR (Fig. 4A). The 
fluorescence intensity of γ‑H2AX‑positive cells in the 0.3 
and 3.0 Gy groups showed distinct differences (P<0.001 vs. 
the control). The fluorescence intensity of γ‑H2AX‑positive 
cells in the 3.0 Gy group demonstrated a clear difference 
(P<0.01 vs. 0.3 Gy). In addition, the fluorescence intensity of 
the γ‑H2AX‑positive cells in the 0.3 Gy + IWR1 group was 
different from that of the 0.3 Gy group (P<0.05) (Fig. 4B). 
Western blot analysis indicated that the expression of γ‑H2AX 
protein was upregulated after LDR and that γ‑H2AX high 
fluorescence intensity was positively related to radiation dose, 
which was not blocked by IWR1 (Fig. 4C and D).

Expression of Wnt1 in migrating C6 GSCs pretreated with 
IWR1 after LDR. Wnt1‑positive expression was detected 
in migratory C6 GSCs after LDR. The results revealed that 
Wnt1‑positive cells were mainly found in the cytoplasm of C6 
GSCs (Fig. 5A). Cell count data showed that the number of 
Wnt1‑positive cells per clonal sphere significantly increased 
in the 0.3 Gy group (P<0.001 vs. the control), whereas the 
number of Wnt1‑positive cells per clonal sphere significantly 
decreased in the 0.3  Gy + IWR1 group (P<0.001 vs. the 

control). The numbers of Wnt1‑positive cells in the 0.3 Gy + 
IWR1 group demonstrated a notable difference in comparison 
with that of the 0.3 Gy group (P<0.001) (Fig. 5B).

Expression of Wnt3a in migratory C6 GSCs pretreated with 
IWR1 after LDR. Wnt3a‑positive expression was detected 
in migratory C6 GSCs after LDR. The results revealed that 
Wnt3a‑positive cells were mainly found in the cell nucleus of 
C6 GSCs (Fig. 6A). Cell count data showed that the number of 
Wnt3a‑positive cells per clonal sphere significantly increased 
in the 0.3 Gy group (P<0.001 vs. the control), whereas the 
number of Wnt3a‑positive cells per clonal sphere significantly 
decreased in the 0.3  Gy + IWR1 group (P<0.001 vs. the 
control). The numbers of Wnt3a‑positive cells in the 0.3 Gy + 
IWR1 group had a significant difference in comparison with 
that of the 0.3 Gy group (P<0.001). In addition, there were 
significant differences in the 3.0 Gy group compared with the 
control group (P<0.001) (Fig. 6B).

Expression of β‑catenin in migratory C6 GSCs pretreated 
with IWR1 after LDR. The expression of β‑catenin in 
migratory C6 GSCs was detected after LDR. The results 
demonstrated that β‑catenin‑positive cells were mainly found 
in the cytomembrane of C6 GSCs, which appeared as a string 
of beads (Fig. 7A). Cell count data revealed that the number 
of β‑catenin‑positive cells per clonal sphere significantly 
increased in the 0.3  Gy group (P<0.001 vs. the control), 
whereas the number of β‑catenin‑positive cells per clonal 
sphere significantly decreased in the 0.3 Gy + IWR1 group 
(P<0.05 vs. the control); the numbers of β‑catenin‑positive 
cells in the 0.3 Gy + IWR1 group had a significant differ‑
ence in comparison with that of the 0.3 Gy group (P<0.001) 
(Fig. 7B).

Migratory C6 GSCs demonstrate modulation of Wnt1, Wnt3a 
and β‑catenin signaling activation after LDR. Western blot‑
ting and an inhibitor experiment were further performed to 
observe the involvement of Wnt/β‑catenin signaling activation 
in C6 GSC migration ability or functional changes in C6 GSCs 
in response to LDR stimulation. Immunoblots to Wnt1, Wnt3a 
and β‑catenin were detected in the control, 0.3, 0.3 Gy + IWR1 
and 3.0 Gy radiation groups. Quantitative analysis revealed that 
the expression levels of Wnt1, Wnt3a and β‑catenin increased 
in the 0.3 Gy group, indicating upregulation and activation of 
the Wnt/β‑catenin signaling pathway in migrating C6 GSCs. 
The increased expression of Wnt1, Wnt3a and β‑catenin was 
significantly diminished or almost completely blocked by 
pretreatment with 10 µmol/l IWR1. Furthermore, the expres‑
sion levels of Wnt1, Wnt3a and β‑catenin decreased in the 
3.0 Gy group (Fig. 8A‑D).

Discussion

Radiotherapy is frequently utilized in combination with 
surgical resection and chemotherapy for the treatment of 
brain tumors, but each of these therapy modalities has 
serious limitations. For instance, sensitivity to single radia‑
tion therapy can be strongly inhibited in the treatment of 
some gliomas. The efficacy of chemotherapeutic drugs can 
be greatly reduced due to poor penetrance of the blood‑brain 

Figure 2. Morphological and quantitative changes in proliferating and migra‑
tory C6 GSCs. (A) The morphological changes of C6 GSCs in each group 
under inverted phase contrast microscopy. (B) The statistical data of cell 
numbers of single clonal spheres are shown in each group. (C) The statis‑
tical data of the migration distances of C6 GSCs are shown in each group. 
Scale bar, 100 µm. **P<0.01 and ***P<0.001. GSCs, glioma stem cells; ns, no 
significance.



ONCOLOGY REPORTS  51:  22,  2024 5

barrier, and the utility of surgery can be limited due to the 
position of tumors within the brain  (25,26). At present, 
targeted regulation of stem cells can be adequately used for 
glioma therapy (10). C6 GSCs from the C6 glioma cell line 
form clonal spheres, which show self‑renewing and prolifer‑
ating multipotency, similar to cancer stem‑like cells (27,28). 
in the present study, it was identified that C6 GSCs displayed 
proliferation and robust migration, and the rate of cell death 
and apoptosis significantly decreased after low‑dose ionizing 
radiation (0.3 Gy). This effect was inhibited with higher‑dose 
radiation (3.0 Gy). The level of γ‑H2AX (a DNA damage 
marker) induced by ionizing radiation significantly improved 
with increasing radiation dose. Furthermore, the inhibitor 
of IWR1 can effectively suppress the function of low‑dose 
ionizing radiation in the treatment of gliomas but has no 
relevance to the level of DNA damage.

Previously, for the proposed tumor stem cell hypoth‑
esis, CD133‑positive tumor stem cells can be successfully 
isolated and cultured from glioma patients and their adjacent 
tissues, which provides favorable evidence for the existence 
of GSCs  (29,30). Some studies have shown that cultured 
GSCs in vitro can proliferate and divide into cell spheres in 
serum‑free medium, expressing Nestin and CD133 markers 
of neural stem cells. Analysis of the cell composition of 
the cell spheres found that GSCs also have the asymmetric 

division property of stem cells, and during the process of 
self‑renewal, both BGSCs and non‑BGSCs are generated. 
A small number of CD133‑positive GSCs play an important 
role in the development and outcome of tumors (27,28). The 
results of the present study identified that GSCs isolated and 
cultured from the C6 glioma cell line grew as suspended cell 
spheres under the effect of stem cell conditioned medium and 
had strong proliferation and migration ability. It is suggested 
that GSCs with neural stem cell‑like characteristics exist in 
the C6 glioma cell line, which supports the theory of neural 
stem cell origin to a large extent. After passage, C6 GSCs had 
favorable activity and could divide again and gather into cell 
spheres. BrdU incorporation and proliferation identification of 
P3 generation C6 GSCs demonstrated strong CD133 and BrdU 
positivity. Moreover, C6 GSCs proliferate rapidly and have 
numerous stem cells. This is consistent with the previously 
reported results (27,28). Therefore, in the present experiment, 
it was observed that passaged clonal spheres and first‑passage 
C6 GSCs were not significantly different in morphology. 
Proliferation was identified by immunofluorescent staining 
and BrdU incorporation experiments, and CD133 and BrdU 
were strongly positive. All proved that the passaged clonal 
spheres had the same self‑renewing and proliferative abili‑
ties as the first‑passage C6 GSCs. The difference is that with 
increasing passage time, the number of tumor stem cells with 

Figure 3. Changes in cell survival, necrosis and early and late apoptosis of C6 GSCs by flow cytometric analysis. (A) The percentages of cell survival, necrosis, 
and early and late apoptosis of C6 GSCs are shown in the dot distribution image. (B) Quantitative data of cell survival, necrosis, and early and late apoptosis 
of C6 GSCs in each group. *P<0.05 and ***P<0.001. GSCs, glioma stem cells; ns no significance.
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self‑renewal, proliferation and division abilities increases, as 
shown in Fig. 1A.

Radiation neurobiological studies have shown that mature 
neurons in the brain have a high tolerance to ionizing radia‑
tion. Higher‑dose ionizing radiation (up to 10.0 Gy) will not 
cause obvious damage to neuronal structure, but neural stem 
cells are very sensitive to ionizing radiation, and a large dose 
of ionizing radiation can eliminate more than 90% of neural 
stem cells or cause cell apoptosis (31‑33). However, low‑dose 
ionizing radiation promotes the proliferation of mesenchymal 
stem cells or neural stem cells  (34,24), and the sensitivity 
of glioma‑initiating cells to low‑dose ionizing radiation 
increases, which promotes cell survival (35). By analyzing 
the dose‑response relationship of low‑dose ionizing radia‑
tion, it was found that stem cells were more sensitive to LDR 
stimulation, and the maximum protective response occurred 
at a dose of 0.3 Gy, while the protective response could not be 
induced at doses greater than 0.5 Gy (24,33,36). Studies have 
confirmed that low‑dose ionizing radiation stimulates stem 
cells at 0.01‑0.1 Gy low‑dose irradiation, and a single dose of 

0.01 Gy for four consecutive times or a dose of 0.1 Gy irradia‑
tion can stimulate the proliferation of stem cells (37). In the 
present study, regarding the sensitivity of C6 GSCs to ionizing 
radiation, the findings showed that the proliferation and migra‑
tion of C6 GSCs in the 0.3 Gy group could be promoted. The 
proliferation of C6 GSCs was inhibited when the radiation dose 
reached 3.0 Gy, and cell migration was evidently decreased. 
Thus, a dose of 0.3 Gy could induce a protective response, but 
a dose of 3.0 Gy could not induce a protective response. These 
results suggested that low‑dose ionizing radiation (0.3 Gy) 
may promote the proliferation and migration of GSCs, which 
is consistent with the aforementioned results. Of course, at 
present, radiotherapy has become an important medical treat‑
ment method, especially in the treatment of malignant tumors, 
and high‑dose ionizing radiation is often used in tumor 
radiotherapy. However, the effects of ionizing radiation on the 
organism, tissues and cells are complex and variable and have 
harmful and adaptive effects or excitatory effects. Therefore, 
these issues need to be further studied.

Previous research confirmed that ionizing radiation acti‑
vated the response of oxidative stress, which directly caused 
DNA damage (38,39). In fact, γ‑H2AX, which is produced 
by phosphorylation of histone H2AX at S139, is a very early 
step in the DNA damage response and an essential signaling 

Figure 5. Effect of Wnt1‑positive expression on proliferative and migratory 
C6 GSCs in different groups. (A) The positive expression of Wnt1 on C6 
GSCs was observed by immunofluorescence staining. Scale bar, 100 µm. 
(B) The statistical data of the number of Wnt1‑positive cells are shown in 
each group. *P<0.05 and ***P<0.001. GSCs, glioma stem cells; ns, no signifi‑
cance.

Figure 4. Effect of γ‑H2AX‑positive expression on proliferative and migra‑
tory C6 GSCs in different groups. (A) The positive expression of γ‑H2AX on 
C6 GSCs was observed by immunofluorescent staining. (B) The statistical 
data of the level of γ‑H2AX fluorescence intensity are shown in each group. 
(C) By Western blot analysis, the bands of γ‑H2AX protein were detected 
in different groups. β‑Actin was used as the internal control. (D) The gray 
value quantification of γ‑H2AX protein, normalized to β‑actin. Scale bar, 
100 µm. *P<0.05, **P<0.01 and ***P<0.001. GSCs, glioma stem cells; ns, no 
significance.
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molecule for the recruitment and retention of DNA damage 
response complexes at the site of damage (40). The present 
findings indicated that ionizing radiation initially increased 
DNA damage, as indicated by a similar level of γ‑H2AX (the 
DNA damage marker) fluorescence intensity in C6 GSCs. 
However, the level of γ‑H2AX fluorescence intensity was posi‑
tively related to the increase in radiation dose. In the current 
experiment, the level of γ‑H2AX significantly improved with 
increasing radiation dose (3.0 Gy). Furthermore, the level of 
γ‑H2AX in the 0.3 Gy group significantly differed from that 
of γ‑H2AX in the 0.3 Gy with IWR1 group (P<0.05). It was 
analyzed how IWR1 can effectively inhibit the cell numbers 
of C6 GSCs after low‑dose ionizing radiation, which has no 
relevance to radiation dose. The upregulation of DNA repair 
enzymes in conjunction with γ‑H2AX results suggested a vital 
role for DNA repair in the survival and proliferation of C6 
GSCs, and it is necessary to further investigate the regulation 
of specific mechanisms.

The Wnt/β‑catenin signaling pathway plays a major role in 
cell survival, apoptosis and proliferation, as well as in migra‑
tion and invasion in various cancer types (41‑43). Studies 
have shown that Wnt3a molecules promote the occurrence 
and development of glioma by activating Wnt/β‑catenin 
signaling (44). Wnt5a could be involved in the process of 
brain invasion and enhance the survival rate of the host in 

a mouse transplantation model of glioblastoma  (45). The 
overexpression of Wnt2, β‑catenin and Wnt5a is observed 
in gliomas, while cell proliferation and invasion are obvi‑
ously inhibited, and apoptotic cell death is induced in glioma 
cells (46). The expression of β‑catenin in glioma tissues was 
significantly higher than that in normal tissues (47). Other 
studies have also confirmed that Wnt/β‑catenin interacts 
with multiple signaling pathways to inhibit the proliferation, 
apoptosis or survival of glioma cells (22,48). The findings 
of the present study identified that the expression of Wnt1, 
Wnt3a and β‑catenin molecules on C6 GSCs was significantly 
upregulated after low‑dose ionizing radiation (0.3 Gy). The 
expression levels of Wnt1, Wnt3a and β‑catenin were inhib‑
ited when the radiation dose reached 3.0 Gy. However, the 
levels of Wnt1, Wnt3a and β‑catenin in the 0.3 Gy + IWR1 
group were partly and completely inhibited (P<0.001 vs. the 
0.3 Gy group). This finding indicated that Wnt/β‑catenin 
signaling modulates the proliferation and migration of C6 
GSCs induced by LDR.

At the beginning of the present experiment, the effect of 
different factors was tested. Concentration of IWR1 (0, 0.1, 1, 
5 and 10 µM) on suspending‑cultured GSC spheres, the same 
treatment methods were previously reported (24); all of cell 

Figure 6. Effect of Wnt3a‑positive expression on proliferative and migratory 
C6 GSCs in different groups. (A) The positive expression of Wnt3a on C6 
GSCs was observed by immunofluorescent staining. (B) The statistical data 
of the number of Wnt3a‑positive cells are shown in each group. Scale bar, 
100 µm. ***P<0.001. GSCs, glioma stem cells; ns, no significance.

Figure 7. Effect of β‑catenin‑positive expression on proliferative and migra‑
tory C6 GSCs in different groups. (A) The positive expression of β‑catenin 
on C6 GSCs was observed by immunofluorescence staining. (B) The statis‑
tical data of the number of β‑catenin‑positive cells are shown in each group. 
Scale bar, 100 µm. *P<0.05 and ***P<0.001. GSCs, glioma stem cells; ns, no 
significance.
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spheres were first, mixed before treatment, and then treated 
in separate bottles to ensure the consistency of the control 
group. When the suspended GSC spheres were cultured for 
4‑5 days, different concentrations of IWR1 were added to 
the medium and cultured for 24‑48 h. During this period, it 
was observed under the microscope that there was no signifi‑
cant difference in cell size between 0.1 and 1.0 µM IWR1 
group and Con group. The cells exhibited strong refraction, 
clear liquid and several scattered single cells. The number 
and proliferation rate of cell spheres in 5.0 µM IWR1 group 
slowed, and there were multiple scattered single cells in the 
fluid. In the 10.0 µM IWR1 group, the number and prolifera‑
tion rate of cell spheres were significantly reduced, the ability 
of cell agglomeration was sharply decreased, and there were 
more scattered, sheets or groups of single cells in the liquid. 
Flow cytometric analysis showed that the proportion of living 
cells in the 10.0 µM IWR1 group decreased to <50%, and the 

proportion of apoptosis and cell necrosis increased greatly. 
Moreover, after 48 h of continuous culture in the 10.0 µM 
IWR1 group, the number of cell spheres observed under 
the microscope was small, the number of cells in each cell 
sphere was also small, and the ability of cells gathering the 
spheres was almost lost. There were numerous single cells in 
the liquid, and numerous cells disassembled and fragmented. 
After cell centrifugation and resuspension, there were few 
cells in the field of vision under the microscope. Cells were 
collected, but the number of cells was too small to meet the 
minimum number of cells needed for flow cytometry and 
could not be detected. Therefore, in the follow‑up experi‑
ment, the results of the 10.0 µM IWR1 group were not shown 
without LDR as a control. However, according to the present 
experimental data and reference to other studies (49,50), it is 
feasible that the current experimental results and purposes 
are not affected.

Figure 8. Changes in Wnt1, Wnt3a and β‑catenin protein levels in proliferative and migratory C6 glioma stem cells in different groups. (A) By Western 
blot analysis, the Wnt1, Wnt3a and β‑catenin proteins were detected in the different groups. β‑actin was used as the internal control. (B‑D) The gray value 
quantification of (B) Wnt1, (C) Wnt3a and (D) β‑catenin protein, normalized to β‑actin. *P<0.05, **P<0.01 and ***P<0.001. ns, no significance.
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In addition, according to the dose‑effect relationship of 
LDR stimulation and the inhibitor experiment, the present 
study indicated that the Wnt/β‑catenin signaling pathway 
plays a key role in regulating the occurrence and develop‑
ment of glioma (51,52). Therefore, the current study observed 
the effects of different doses of radiation stimulation on the 
proliferation and migration of C6 GSCs, as well as the changes 
in Wnt1, Wnt3a and β‑catenin levels before and after LDR. 
Before and after radiation, the treatment of C6 GSCs was 
pretreated with 10.0 µM IWR1 (the proportion of living cells 
was reduced to <50%), and its effect on the protective response 
induced by 0.3 Gy radiation dose was observed, which will 
provide an important experimental basis for revealing the 
regulatory mechanism of LDR technology for the prevention 
and treatment of brain glioma.

The results of cell survival and apoptosis using flow 
cytometric analysis showed that LDR stimulation remarkably 
attenuated cell necrosis and apoptosis and increased the prolif‑
eration and survival of C6 GSCs in the 0.3 Gy group, but these 
effects were reversed due to the inhibition of Wnt/β‑catenin 
signaling molecules. Of course, it is known that cell necrosis 
is the passive death caused by pathology, which is pathological 
cell death. Apoptosis is the programmed death of cells, which 
is widespread in the development of organisms. Of course, 
the scope of the two is different; apoptosis is mostly observed 
in a single scattered cell, while cell necrosis is observed in 
large tissues or groups of cells. However, the cell membrane 
remains intact until apoptotic bodies are formed. Cell necrosis 
breaks the cell membrane, and the cell swells and disinte‑
grates, forming cell fragments. In the present experiment, 
although no specific marker for cell necrosis and apoptosis 
was used to identify cells before and after an IWR1 pretreat‑
ment experiment, the growth of cell spheres before and after 
treatment could also be preliminarily evaluated. For example, 
GSC cell spheres in the 0.3 and 3.0 Gy groups and 0.3 and 
0.3 Gy + IWR1 groups were compared and observed under 
an inverted phase contrast microscope (data not shown). The 
results revealed that the cell spheres in the 0.3 Gy group had 
a strong aggregation ability, rapid proliferation rate, increased 
cell number, large and round cell bodies and strong refrac‑
tion. In the center of the larger cell ball, a hypotrophic zone 
was formed. Under the microscope, the color was dark, the 
cells were necrotic and disintegrated, and some cell fragments 
were found in the medium. In the 3.0 Gy group, the cell ball 
aggregation ability was weak, the proliferation rate decreased, 
the number of cells decreased, the cell membrane structure 
was complete, the cell body was large and round, and there 
was strong refraction. In addition, the cells in the 0.3 Gy + 
IWR1 group were observed, and the number of cells was 
sharply reduced, with numerous cell disintegrating fragments 
in the liquid, and cells with complete cell membrane structure 
and dark refraction were also visible. Further analysis by flow 
cytometry demonstrated that the proportion of apoptotic cells 
increased in the 3.0 Gy group, and the proportions of necrotic 
and apoptotic cells increased in the 0.3 Gy + IWR1 group. 
The results are consistent with those observed under a phase 
contrast microscope.

Overall, in the present experiment, it was confirmed that 
C6 GSCs generated from the C6 glioma cell line can form cell 
spheres, which have self‑renewing and migratory capabilities. 

With LDR intervention, cell survival and cell apoptosis could 
be changed, and these effects were completely and partly 
blocked by pretreatment with IWR1. Therefore, the current 
results also revealed that Wnt/β‑catenin signaling may modu‑
late the proliferation and migration of C6 GSCs induced by 
LDR. Of course, ionizing radiation stimulation can promote 
the proliferation, survival, invasion and apoptosis of glioma 
cells within a certain dose range, and the mechanism may be 
related to the crosstalk of multiple signaling molecules via 
the activation of Wnt/β‑catenin signaling (53‑55). Therefore, 
according to individual differences, how to define the scope of 
radiation dose and develop a specific radiation scheme, how to 
achieve the best protective response using a large dose of shock 
therapy or multiple small doses of staging treatment, and how 
to further study the relationship between radiation‑sensitive 
effects and activated Wnt signaling will become a research 
topic in the future.

In conclusion, these data indicated that Wnt1, Wnt3a 
and β‑catenin are upregulated in GSCs and correlated with 
low‑dose ionizing radiation. Moreover, Wnt3a could behave 
as an oncogene that was completely blocked by pretreat‑
ment with IWR1 after LDR, which suggested that activating 
Wnt/β‑catenin signaling in glioma cells is a potential target 
for an effective radiosensitizer of GSCs to exploit and utilize.
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