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ABSTRACT
It was reported that g-irradiation had a controversial therapeutic effect on glioma cells. We aimed to
investigate the cytotoxic effect on the glioma cells induced by g-irradiation and explore the treatment to
rescue the phenotype alteration of remaining cells. We used transwell assay to detect the glioma cell
invasion and migration capacity. Cell proliferation and apoptosis were tested by the CCK-8 assay and flow
cytometry respectively. Western Blot was used to detect the activity of Hedgehog signaling pathway and
Epithelial-to-Mesenchymal Transition (EMT) status. g-irradiation showed cytotoxic effect on LN229 cells in
vitro, whereas this contribution was limited in U251 cells. However, it could significantly stimulated EMT
process in both LN229 and U251. Curcumin (CCM) could rescue EMT process induced by g-irradiation via
the suppression of Gli1 and the upregulation of Sufu. The location and expression of EMT markers were
also verified by Immunofluorescence. Immunohistochemistry assay was used on intracranial glioma
tissues of nude mice. The capacities of cell migration and invasion were suppressed with combined
therapy. This research showed Curcumin could rescue the EMT process induced by g-irradiation via
inhibiting the Hedgehog signaling pathway and potentiate the cell cytotoxic effect in vivo and in vitro.
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Introduction

Glioma is the most common primary malignant tumor in
central nervous system. Now the g-irradiation therapy for
glioma is considered to be controversial.1 Increasing the
dose of g-irradiation to heighten the effect of therapy would
cause unexpected complications such as cerebral edema or
necrosis.2 Besides, some glioma cells even have a resistance
to the cytotoxic effect caused by g-irradiation. However, the
cytotoxic effect on the glioma cells induced by g-irradiation
needs further study. The resistance to g-irradiation in some
cells needs to be confirmed. In the present study, we found
that g-irradiation had differential effect on the proliferative
and apoptotic capacity and induced EMT of glioma cell
lines. Thus, a novel therapeutic method to rescue the EMT
caused by g-irradiation was important. Hedgehog signaling
pathway has been reported as an important role in EMT.
Down-regulation of Hedgehog signaling pathway proteins
could cause an suppression to EMT.3 Gli1, considered as a
key marker of the Hedgehog signaling pathway activation,
is implicated in EMT through a series of complex interac-
tions.4-6 In our previous researches, we illustrated that Cur-
cumin, the ingredient of turmeric, suppressed the activity of
Hedgehog signaling pathway by mediating the protein

expression including Gli1, SMO and Sufu.7,8 And Curcumin
could also prevent the EMT in different tumor cells.9,10

With the interruption of EMT, Curcumin might cover the
shortage of g-irradiation (induction of EMT). In this
research, we had experiments on LN229 and U251 cells,
which represented to be sensitive and insensitive to cyto-
toxic effect of g-irradiation, respectively. However, both
LN229 and U251 showed the induction of EMT caused by
g-irradiation. We added Curcumin into the remaining cells
survived from g-irradiation, and explored their the pheno-
type alteration. After the introduction of Curcumin treat-
ment, this induction of EMT was prevented, and the
activity of Hedgehog signaling pathway was also attenuated.
The cell migration and invasion abilities were suppressed.
In both LN229 and U251, cell proliferation was inhibited in
combined therapy group. Taken together, we illustrated that
Curcumin had an interaction with the induction of EMT
caused by g-irradiation, via restricting the Hedgehog signal-
ing pathway. Combined treatment with Curcumin and
g-irradiation would restrain EMT process in both irradia-
tion sensitive and insensitive glioma cells, and would make
g-irradiation more efficiency in irradiation sensitive glioma
cells.
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Results

g-irradiation had differential effects on the proliferation
and apoptosis of glioma cell

LN229 showed both dose-dependent and time-dependent man-
ner after g-irradiation treatment (Fig. 1A). When the LN229
cells were treated with g-irradiation for less than 72 hours, the
cell proliferation might not be significantly impacted. However,
g-irradiation could inhibit the cell growth after 96 hours
(P < 0.05) and 120 hours (P < 0.05), regardless of the dose
(Fig. 1B). On the opposite, g-irradiation didn’t significantly
inhibit the cell growth of another glioma cell line U251 neither
in 72 hours nor after 96 hours (Fig. 1B).

Flow cytometry showed that g-irradiation could induce the
cell apoptosis with dose of 18 Gy and 21 Gy at the time points
of 96 hours and 120 hours in LN229 cell line (Fig. 1C). But
g-irradiation couldn’t significantly induce the U251 cells apo-
ptosis (Fig. 1D). These data suggested that g-irradiation might
inhibit the cell proliferation and induce the cell apoptosis,
depending on different glioma intrinsic genomic alteration.

g-irradiation induced Epithelial-to-Mesenchymal
Transition in glioma cell lines

It had been reported that g-irradiation could induce the Epithe-
lial-to-Mesenchymal Transition in tumors.11,12 To investigate

Figure 1. g-irradiation had a cytotoxic effect on LN229 and U251 cells. (A) g-irradiation had a manner of time-depend and dose-depend effect on LN229 cell proliferation.
LN229 cells treated with 6, 9, 12, 15, 18, 21 Gy g-irradiation were detected to have a reduction on cell proliferation ability at the time point of 24, 48, 72, 96, 120 hours. (B)
Compared with LN229, U251 had a resistance to g-irradiation. Cell proliferation assay showed that U251 treated with g-irradiation did not have obvious differentiation
compared with control group. There existed a clear difference in the sensitivity of LN229 and U251. (C) In apoptosis assay, LN229 had the manner of time-depend and
dose-depend to g-irradiation. LN229 cells with a larger dose of irradiation showed a tendency to early apoptosis at 96 and 120 hours, while this effect could not be
detected in U251 cells. Data are mean § SD of 3 independent experiments. � meant P value was less than 0.05 compared with NC group.
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whether g-irradiation influenced the EMT in glioma cells, cells
were treated with 18 Gy and 21 Gy g-irradiation, and the EMT
markers were tested after 48 (when the g-irradiation might not
affect the glioma cell growth) and 96 hours (Fig. 2).

At the time point of 48 hours after treated with g-irradia-
tion, the expression of EMT markers in both LN229 and U251
were not changed remarkable. In LN229, comparing between
NC and 18 Gy (48 h) groups, E-cadherin, b-catenin, Vimentin
and Claudin had the same expression level. But comparing
between NC and 21 Gy (48 h) groups, E-cadherin was downre-
gulated. b-catenin and Vimentin were upregulated. In U251, it
had the similar results. Only the b-catenin was upregulated
compared between NC and 21 Gy (48 h) groups. However,
with more time after treated with g-irradiation, the proteins’
expression changed more notably. In LN229 NC, 18 Gy (96 h)
and 21 Gy (96 h) groups, E-cadherin and Claudin were down-
regulated, at the same time b-catenin and Vimentin were upre-
gulated. These changes had a dose-dependent manner. We also
validated the results in U251 cells. In U251 cells treated with
18 Gy (96 h) and 21 Gy (96 h), we could also find that E-cad-
herin and Claudin expressions were suppressed significantly
but b-catenin and Vimentin were increased comparing with

the control group. These results suggested that the induction of
EMT process in glioma cell lines was caused by g-irradiation,
and this change of EMT markers’ expression would not be
observed significantly until 48 hours.

Curcumin rescued the induction of EMT caused by
g-irradiation via suppressing the Hedgehog signaling
pathway

To rescue the glioma cells EMT induced by g-irradiation, we used
20mMCurcumin to treat the glioma cells for 24 hours after g-irra-
diation, as other scientists reported.13 Then we used Western Blot
to test the EMT markers and the Hedgehog signaling pathway,
which was reported to be the target signaling pathway of Curcu-
min.We chose 96 hours as a time period after g-irradiation. When
cells got g-irradiation after 72 hours, Curcumin was added to
CCM group and CCMCg-IR group for extra 24 hours. Then at the
time point of 96 hours, cells were harvested for Western Blot test-
ing. We observed that g-irradiation did not affect the Hedgehog
signaling pathway protein expression significantly, however,
increased b-catenin, Vimentin protein expression and decreased
E-cadherin, Claudin protein expression (Fig. 3). In LN229 g-IR

Figure 2. g-irradiation could induce the Epithelial-to-Mesenchymal Transition. Both LN229 and U251 cells manifested the EMT proteins expression changed. b-catenin
and Vimentin were upregulated, while E-cadherin and Claudin were suppressed. GAPDH was used as reference. This phenomenon was more significant at 96 hours than
48 hours. According to these changes, EMT was launched after g-irradiation. � meant P value was less than 0.05 compared with NC group.
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group, the proteins of Hedgehog signaling pathway were not
affected significantly. The alteration of EMT induced by g-irradia-
tion was confirmed again. In CCM group, the Hedgehog signaling
pathway were suppressed. Gli1 and SMO, the effector proteins of
Hedgehog signaling pathway were attenuated. Sufu, the suppressor
protein of Gli1, was upregulated. In LN229 CCMCg-IR group, we
observed that Gli1, SMO, b-catenin and Vimentin were attenuated
compared with NC group or g-IR group. On the opposite, Sufu, E-
cadherin and Claudin were upregulated compared with NC group.
In U251, this kind of change was similar. Immunofluorescence
assay was performed to verify the location and the expression of E-
cadherin, Vimentin and b-catenin. We observed that the expres-
sion of E-cadherin was induced significantly in combined therapy
group in both LN229 and U251. On the contrary, Vimentin
showed the opposite tendency. It could be found that besides the
downregulation of b-catenin in combine therapy group, the trans-
fer of b-catenin from cytoplasm to the nucleus was limited either,
which meant the EMT process was suppressed14,15 (Fig. 4). In con-
clude, the EMT process was rescued by Curcumin via the suppress-
ing of Hedgehog signaling pathway. With 20 mM Curcumin and
18 Gy g-irradiation treated for 96 hours, the combined therapy
group showed less tendency on EMT process.

Combination of Curcumin and g-irradiation therapy
changed the biologic phenotype of glioma cells

It is well known that LN229 and U251 presented highly inva-
sive growth characteristics. Our previous works had shown that
Curcumin might rescue the induction of EMT process caused
by g-irradiation. We performed cell migration and cell invasion

assays to confirm that whether cell migration and cell invasion
were attenuated. In Fig. 5, LN229 cell migration assay showed
that with separated Curcumin and g-irradiation treatment,
cells showed low migration ability compared with NC group.
But compared with CCM group, g-irradiation group showed
enhanced migration ability. In CCMCg-IR group, cells showed
minimum migration ability. We also observed the similar
results in the cell invasion assay. After 96 hours treated with
combined therapy, the abilities of migration and invasion were
attenuated significantly. We repeated the experiments in U251
cell line subsequently. The results were similar to LN229.

Then we focused on the cytotoxic effect of combined ther-
apy treatment (Fig. 6). The cell proliferation assay showed that
in LN229 and U251 cells, CCMCg-IR group had a lower level
of cell proliferation compared with NC group. Histogram was
used for a more visible comparison (Fig. 6A). The cell apoptosis
assay showed that in LN229 we had more percentage of cells in
Q4 compared with Q4 of NC, CCM, g-IR groups. That meant
combined therapy had an induction to early apoptosis in
LN229. Compared with U251 NC group, there were more cells
of CCMCg-IR group arrested in early apoptosis phage
(Fig. 6B). However, compared with CCM group, the percentage
of early apoptosis cell did not change significantly. Further
work was needed to explain this phenomenon.

g-irradiation combined with Curcumin therapy inhibited
the EMT process in vivo

To investigate whether combined therapy with g-IR and Cur-
cumin could affect the tumor growth and EMT process, the

Figure 3. Curcumin could rescue the induction of EMT via suppressing of Hedgehog signaling pathway. With the treatment of 18 Gy g-irradiation for 96 hours, EMT pro-
cess of cells was reversed. The expression of b-catenin and Vimentin were restrained. The expression of E-cadherin and Claudin were recovered. The expression of Gli1
and SMO were inhibited, and that of Sufu which acted as an inhibitor of Gli1 was increased. � meant P value was less than 0.05 compared with NC group.
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intracranial glioma models of nude mice were built. The size of
tumors was compared between each group every 5 d by xeno-
graft study. In tumors formed by LN229, comparing with NC
group, the tumors of CCM group started to reduce after

treating for 10 d. However, the tumors of g-IR group started
decreasing after 5 days, which was same as the results in vitro.
The combine therapeutic treatment had a significant cytotoxic
effect on implanted tumors (Fig. 7), especially after 15 d of

Figure 4. The Immunofluorescence assay showed that the induction of EMT was rescued by Curcumin. Nucleus were stained with DAPI (blue), while E-cadherin, Vimentin
and b-catenin were shown in red. The merged pictures were combining with DAPI and the target proteins. g-IR group showed the induction of EMT in both LN229 and
U251, however the CCMCg-IR group had restrained the process of EMT. All images were taken microscopically (40 £).

Figure 5. The cell migration and invasion assays revealed that the metastasis ability was restricted in combined therapy group in both LN229 and U251 cells. The g-irradi-
ation (18Gy) group showed more tendency to metastasize than NC group and CCM (20 mM) group. Adding with Curcumin (20 mM), combined therapy showed the least
metastasis ability. � meant P value was less than 0.05 compared with NC group. �� meant P value was less than 0.01 compared with NC group.
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Figure 6. In addition with Curcumin (20 mM) and g-irradiation (18Gy) as combined therapy, Curcumin did not reverse the formation of early apoptosis promoted by
g-irradiation. In LN229, Curcumin could advance the cytotoxic effect of g-irradiation remarkably, however this phenomenon was slightly in U251. (A) The cell proliferation
assay showed the promotion of Curcumin was remarkable in LN229, while that of U251 was slightly. The bar graph merged 2 cell line together for a more intuitive obser-
vation. (B) Cell apoptosis assay showed the combined therapy had limited influence on early apoptosis of U251, however it was more effective in LN229. � meant P value
was less than 0.05 compared with NC group. (C) A model for Curcumin increasing the efficiency of g-irradiation by regulating Hedgehog signaling pathway.

Figure 7. The bioluminescence images showed that tumors formed by LN229 were sensitive to g-irradiation. The size of tumors were detected every 5 d and had
decreased gradually in CCM group, g-IR group, CCMCg-IR group in 15 d. The tumors formed by U251 were resist to g-irradiation. The columns on the right represented
the fluorescence intensity of tumors. � meant P value was less than 0.05 compared with NC group.
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treatments. On the contrary, tumors formed by U251 were not
sensitive with g-IR. Even in the combined therapy group, the
reduction of U251 tumors was limited. The reduction was sup-
posed to be mainly contributed by Curcumin.

After 15 days, all mice were executed and the brain tissues
were stored in paraformaldehyde for Immunohistochemistry.
E-cadherin and Vimentin were chose as markers of epithelium
type and mesenchyme type respectively (Fig. 8). In tumor tis-
sues formed by either LN229 or U251, E-cadherin was upregu-
lated in CCM group and was downregulated in g-IR group. In
combined therapy group, E-cadherin was significantly induced,
which demonstrated that tumor tissues showed more epithe-
lium type. This consequence was converse in the results of
Vimentin. In tumor tissues formed by either LN229 or U251,
Vimentin was restrained in CCM group and was stimulated in
g-IR group. In combined therapy group, Vimentin was
restrained significantly, which demonstrated that mesenchymal
phenotypic characteristics of tumor tissues was restricted. All
results above suggested that combined therapy with Curcumin
and g-irradiation had a restriction on the process of EMT in
vivo. Even g-irradiation had an induction on EMT, Curcumin
could rescue this induction and slightly improve the cytotoxic
effect. In general, Curcumin could improve the efficiency of
g-irradiation therapy by rescuing the induction of EMT.

Materials and methods

Cells and reagents

The glioma cell lines (U251, LN229) were purchased from Chi-
nese Academy of Sciences Cell Bank. U251 cells were cultured
in DMEM supplement, while LN229 cells were in DMEM/F12

50/50 supplement. All supplement contained 10% fetal bovine
serum. Both U251 and LN229 cells were incubated with 5%
CO2 and 95% air and routinely passaged every other day or 2 d
interval. Cells centrifuged at 1,300 rpm for 5 minutes that con-
centrated at the bottom of 1.5 ml EP pipes were prepared for
g-irradiation therapy. All these treatments were performed in
room temperature.

g-irradiation therapy

Different doses of g-irradiation were delivered to the 75% iso-
dose line by using a 8-mm collimator from the 201-source 60Co
gamma unit. This radiation treatment was performed using the
Leksell Gamma Knife. After g-irradiation therapy, cells were
seeded back to Petri dishes immediately with the conditions
described above.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) reagent was used for cell
proliferation assay. Cells with various doses of g-irradiation
treatments were planted into 96-well, as well as Curcumin
treatments. Each well contains 1,000 cells and 100 mL medium.
At right time, 10 mL CCK-8 was added into each well, then cells
were incubated for another 2 hours. The proliferation rate was
assessed using Tecan infinite F50 microplate reader with
450 nm absorbance.

Migration and invasion assays

Cell migration and invasion assays were performed by 24-well
transwell chambers and reconstituted extracellular matrix

Figure 8. The Immunohistochemistry showed the effect of Curcumin on induction of EMT in vivo. All images was taken microscopically (40 £). The expression of E-cad-
herin was upregulated in CCMCg-IR group and Vimentin was downregulated compared with NC group. Both LN229 and U251 showed the similar results.
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membrane (Matrigel). The cell invasion chambers were prepared
by placing 40 mL Matrigel of 1:7 dilution onto the filters at 37�C
for at least 30 minutes to make Matrigel polymerization. The cell
migration chambers contained no Matrigel. 5 £ 105 cells with or
without treatments were seeded into the upper side of chambers as
200 mL cell suspension in culture with 2% fetal bovine serum for
invasion assay, while 1£ 105 cells for migration assay, and 500 mL
culture with 20% fetal bovine serum was added into the wells out-
side the chambers for both experiments. Chambers with cells were
incubated for 24 hours for migration and 48 hours for invasion, at
37�C in a humid atmosphere of 5% CO2 and 95% air. All chambers
were fixed in methanol for 10 minutes and stained in Giemsa (Bio-
topped) for 15 minutes. The upper surfaces of the filters were
scraped slightly with wet cotton swaps to remove the non-migrated
cells. Stick the chambers upside-down on microscope slide for
observation. Triplicate wells were repeated for each group, and
migrated cells were counted with microscopically (40 £) in 5 dif-
ferent fields per filter.

Cell apoptosis assay

U251 and LN229 cells with or without treatments were planted in
6-well plates. By the specific time for different purposes, 1 £ 106

cells for each group were harvested and transferred into 5 ml cul-
ture tubes. BD PharmingenTM FITC Annexin V Apoptosis Detec-
tion Kit II was used for cell apoptosis assay. Following the
instruction of manufacturer, after washing cells with PBS twice and
resuspending in 300 mL 1x Annexin V binding buffer, 5 mL
Annexin V for each group was added into cell suspension for
15 minutes in the dark, then 5 mL PI for each group was added for
another 15minutes, following by gently vortex. Cells were analyzed
by flow cytometer (FACS Canto II, BD Biosciences).

Western blot assay

Cells with or without treatments were scraped in Thermo scien-
tific RIPA buffer (Solarbio) with 1% protease inhibitor. After
centrifugation of 140,000 rpm for 30 minutes, with temperature
of 4�C, total cellular protein concentration was measured by
NanoDrop 2000C spectrophotometer (NanoDrop Products)
according to the manufacturer’s instructions. All samples were
subjected in 7.5%/10%/12.5% sodium dodecyl sulfate polyacryl-
amide gel (EpiZyme Scientific) electrophoresis, and the gel was
blotted onto PVDF membrane (Millipore, USA). The mem-
brane was blocked in 5% milk-TBST solution and incubated
separately with rabbit antihuman Gli1 (1:1000, Cell Signaling
Technology), rabbit antihuman SMO (1:1000, Cell Signaling
Technology), rabbit antihuman Sufu (1:1000, Cell Signaling
Technology), rabbit antihuman N-cadherin (1:1000, Cell Sig-
naling Technology), rabbit antihuman b-catenin (1:1000, Cell
Signaling Technology), rabbit antihuman Vimentin (1:1000,
Cell Signaling Technology), rabbit antihuman Claudin (1:500,
Cell Signaling Technology), rabbit antihuman E-cadherin
(1:500, Proteintech), mouse antihuman GAPDH (1:1000, Cell
Signaling Technology). Following incubation with HRP-labbled
secondary antibody (Introvigen), protein bands were detected
with SuperEnhanced chemiluminescence detection reagents
(Applygen Technologies Inc.) in ChemiDocTM MP Imaging
System (BioRad).

Immunofluorescence assay

Cells (1 £ 105) with or without treatments were transported to
glass coverslips to grow overnight. On the second day, cells
were fixed in 2% paraformaldehyde, permeabilized, blocked,
and incubated with antibodies, such as rabbit antihuman E-
cadherin (1:100, Proteintech), rabbit antihuman Vimentin
(1:100, Cell Signaling Technology) and rabbit antihuman b-cat-
enin (1:100, Cell Signaling Technology). After washing, the cells
were incubated with Alexa488 labeled secondary antibody. The
slides were analyzed by confocal laser scanning microscopy
(Olympus FV1000 Laser Scanning Microscope).

Tumor xenograft study

LN229 and U251 cells transfected with luciferase lentivirus
(LN229-luc and U251-luc) were used to be injected into the intra-
cranial site of 4-week old female nude mice as described.16 All mice
were separated into 8 groups randomly, named as LN229-luc-NC,
LN229-luc-CCM, LN229-luc-g-IR, LN229-luc-CCMCg-IR,
U251-luc-NC, U251-luc-CCM, U251-luc-g-IR and U251-luc-
CCMCg-IR. After 14 days, intracranial tumors were confirmed to
be formed using IVIS Lumina Imaging System (Xenogen). The
LN229-luc-g-IR group, LN229-luc-CCMCg-IR group, U251-luc-
g-IR group and U251-luc-CCMCg-IR group were anaesthetized
and fixed on Nuclear Magnetic Resonance to locate the tumors.
With data transmission back to Leksell Gamma Knife machine,
18 Gy dose of g-irradiation was delivered to these mice by using a
8-mm collimator from the 201-source 60Co gamma unit. At the
same time, Curcumin was injected intraperitoneally with the dose
of 60mg/kg to LN229-luc-CCM group, LN229-luc-CCMCg-IR
group, U251-luc-CCM group and U251-luc-CCMCg-IR group
every day. Othermice were injected with solvent DMSO as control.
The tumor size was detected by IVIS Lumina Imaging System every
5 d. All mice were executed at the 15th day after treatments.

These procedures were performed following approval by the
Harbin Medical University Institutional Animal Care and Use
Committee.

Immunohistochemistry (IHC) assay

IHC analysis was performed followed the procedure described
previously.13,17 Briefly, the tumor tissues were deparaffinaged,
rehydrated, treated with 0.3% hydrogen peroxide, and
processed with antigen retrieval using heat induction for about
10 minutes. Samples were stained with anti-E-cadherin anti-
body (1:200, Proteintech) and anti-Vimentin antibody (1:200,
Cell Signaling Technology). The expression were detected using
peroxidase conjugated AffiniPure goat anti-rabbit IgG
(ZSGB-BIO) and 3,30-diaminoben-zidine (DAB substrate kit,
ZSGB-BIO). The slides were dehydrated, mounted, and
observed with an Olympus CX31 Microscope (Olympus
Corporation).

Statistical assay

All results with mean and SEM in this research were calculated
using GraphPad Prism software (version 6.0). T-test was used
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for comparing between each treatments data with control. P
values less than 0.05 were considered to be significant.

Discussion

We observe that patients with glioblastoma always have poor
prognosis in clinical work.18 Most patients would be suggested
to have chemotherapy, radiation therapy or concomitant radio-
chemotherapy.19,20 According to clinical observation, treatment
outcome with single therapy method could not always be satis-
fied.21 In fact, some of patients are sensitive to g-irradiation
while others are not, even though g-irradiation is one of the
effective methods of radiation therapy.22,23 As known, g-irradi-
ation and other ionizing radiation work by damaging the DNA
double strand of cancer cells leading to cellular death.24,25 After
that, DNA damage repair has been launched and genes associ-
ated with DNA repair will be activated, such as p53, ATM and
ATR. Cells with mutant type of these genes would be resistant
to irradiation. In clinical work, there has minority patients with
glioblastoma reoccurred in situ or in adjacent areas after g-irra-
diation therapy. This phenomenon has few reports, neither the
validations. Therefore, there is a pressing need to search for
novel strategies to increase the efficiency of g-irradiation.
Researchers have performed so many essays noticing that pro-
teins or other cellular functional and biologic macromolecules
have cross effect on resistance to radiation.26 Qiang Jia et al.
have attempted to transfected shRNA to downregulated the
expression of Ku70, for a purpose to enhance the radiosensitiv-
ity of glioma cells.27 Xuefeng Gu et al. have experimented to
silencing of R-Spondin1 (Rspo1) to increase radiosensitivity.28

Valproic acid (VPA) treatment is reported to protect hippo-
campal neurons from damage induced by radiation in vivo and
in vitro.29 Different ideas are studied.

According to other researches, EMT process could be
induced after radiation.11,30,31 It is considered that therapeutic
effect of g-irradiation can be more stable with recall of EMT
process. In this research, we verified that g-irradiation pro-
duced a delayed cytotoxic effect on LN229 cell proliferation
suppression and apoptosis induction until 48 hours after
g-irradiation treatment. With a larger dose of g-irradiation, the
influences were more remarkable. The most satisfied dose for
therapy was 21Gy, while the most convenient dose for research
observation was 18Gy. Considering that glioma cells with irra-
diation would be out of vitality after 120 hours, we chose
96 hours as a period of time for g-irradiation effect. For a better
confirmation, we chose U251 cell to repeat the experiments.
Interestingly, the influence of g-irradiation was limited in
U251 cells. There was a theory on molecular biology that U251
had mutant type p53 which caused the differential expression
of P53, ATM and ATR after g-irradiation.32 In this research,
we also set U251 to g-irradiation in dose of 9, 12, 15, 18, 21Gy.
We performed cell proliferation assay in 96, 120 hours and cell
apoptosis assay in 96 hours. The results showed that the influ-
ence of g-irradiation was not significant compared with U251
NC group. Subsequently we had a test on EMT process markers
by Western Blot. As a result, E-cadherin and Claudin were
downregulated, and Vimentin and b-catenin were upregulated.
These results indicated that whether cells had resistance to
g-irradiation or not, EMT process would be induced after

g-irradiation treatment. High level of expression of b-catenin
might because of the enrichment of b-catenin in nucleus.33,34

This was the initial stage of EMT process. E-cadherin main-
tained a tight connection between cells and cells. Vimentin
played a significant role in supporting and anchoring the posi-
tion of the organelles in the cytosol. The increasing expression
level of Vimentin represented that cells were more likely to be
mesenchymal. Claudin was recognized as a transcription factor
of E-cadherin.35,36 In summary, we had a conclusion that EMT
process was induced after g-irradiation, and especially in U251.
This result was regardless with the resistance to g-irradiation.

Hedgehog signaling pathway has been a research focus
recently.37 Some other scientists have reported that in gliomas
Hedgehog signaling pathway is activated abnormally. SMO and
Gli1 are recognized as positive markers of Hedgehog signaling
pathway, and Sufu as a negative marker. In some recent studies,
SMO is considered as a poor prognosis factor and a potential
therapeutic target in glioma.38 Especially for high-grade glio-
mas, the activation or inhibtion of the Hedgehog signaling
pathway has a remarkable impact on cell proliferation.39 There
are also numbers of research revealed that Curcumin has spe-
cific regulation to Hedgehog signaling pathway and EMT pro-
cess7,40,41 in several cancer cells including pancreas, colon,
leukemia, prostate carcinoma and glioblastomas.8,42-44 Islam SS
et al. and Xu X et al.9,10 point out that the Hedgehog signaling
pathway activates EMT process to promote tumorigenicity and
stemness. It is potent that Tsai, C. L.5 et al. demonstrate that
Hedgehog signaling pathway inhibition could be as a strategy
to augment radiosensitivity,45 especially in non-small cell lung
cancers.46 Gli1 proteins which are effectors of Hedgehog (Hh)
signaling pathway, primarily regulate S100A family members
via cis-acting elements. S100A4 and VIM gene are upregulated
significantly by Shh/Gli1 increasing expression, and E-cadherin
coded by CDH1 is reduced at the same time. In a dose-depen-
dent manner of Gli1 expression, the migration ability of cells is
increased. Inhibitor of Hedgehog signaling pathway can
reversed this response to EMT. Overall, it is believed that Cur-
cumin and its target Hedgehog signaling pathway would be key
roles to redeem EMT process caused by g-irradiation, and in
this manner they would enhance the radiosensitivity without
impaction on the cytotoxic results. Considering these theories,
we chose the Hedgehog signaling pathway for testing the gov-
ernment of EMT induction after g-irradiation. Curcumin was
used as an inhibitor to Hedgehog signaling pathway.47,48 In
some other research, 20–40 mM dose of Curcumin is used as a
approperate dose for inhibiting EMT.49,50 According to other
research and our prior work, 20 mM Curcumin acted for
24 hours was used as a treatment in vitro, and 60 mg/kg/d was
the dose used for intraperitoneal injection in vivo. With dose of
20 mM, the therapeutic effect of Curcumin would not cover the
effect of g-irradiation, but highlight the efficiency of combined
therapy group. At 72 hours, 20 mMCCM was added to the sup-
plement of CCM group and CCMCg-IR group. With incubat-
ing for extra 24 hours, cells were harvested for assays. Gli1 and
SMO were suppressed in combined therapy group (CCMCg-
IR), while Sufu was inspired.51 This represented the inactiva-
tion of Hedgehog signaling pathway. The expression level of E-
cadherin and Claudin in CCMCg-IR group were increased
compared with g-IR group, while either of them was still lower
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than NC group. Vimentin and b-catenin showed the opposite
appearance with other 2 proteins. For a further study on the
location and expression of EMT markers, Immunofluorescence
was performed. Comparing with NC group of LN229 cells,
there was less E-cadherin located on the membrane of cells in
g-IR group, and the expression was downregulated either. The
CCM group and CCMCg-IR group had the opposite conse-
quence. The results of Vimentin were on the contrary of E-cad-
herin. More staining could be found in g-IR group, but in the
CCM group and CCMCg-IR group there were fewer. b-cate-
nin, which was reported to act as a trigger of EMT,52,53 and
translocate into nucleus in the initial stage of EMT,14,54 was
detected to have more expression in both nucleus and cyto-
plasm in g-IR group, but less expression in CCM group and
CCMCg-IR group. This provided an convincing result that
Curcumin could cover the induction of EMT which caused by
g-irradiation in the protein level.

Cell migration and invasion abilities were suppressed.
Observing with 40 £ microscope, we believed that Curcumin
rescued the induction of EMT process caused by g-irradiation
via suppressing Hedgehog signaling pathway. In addition, we
indicated that Curcumin heightened the effect of g-irradiation
in cell proliferation and apoptosis assays. With combined ther-
apy treatment, cell proliferation of LN229 and U251 was inhib-
ited. Cell apoptosis assay showed the combined therapy had
limited influence on early apoptosis of U251, however it was
more effective in LN229.

As more convincing results were needed, nude mice with
xenograft gliomas were used as animal models for research in
vivo. In tumors formed by LN229, there was a significant
reduction in tumor size compared with g-IR group and com-
bined therapy group. However, in tumors formed by U251, the
tumor size changed little. This consequence demonstrated that
different biologic phenotypes of glioma cells showed different
sensitivity to g-irradiation. Subsequently, IHC analysis of these
xenograft tumor tissues showed that Curcumin could also res-
cue the induction of EMT cause by g-irradiation in vivo.

As a conclusion, we demonstrated that Curcumin increased
the effect of g-irradiation in glioma by inhibiting the Hedgehog
signaling pathway in vitro and in vivo. These findings provided
evidences of combined therapy in clinical work, and could serve
as a potential therapeutic method for patients with glioma.
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