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SUMMARY

Aims: To study the role of curcumin on glioma cells via the SHH/GLI1 pathway in vitro and

vivo. Methods: The effects of curcumin on proliferation, migration, apoptosis, SHH/GLI1

signaling, and GLI1 target genes expression were evaluated in multiple glioma cell lines in

vitro. A U87-implanted nude mice model was used to study the role of curcumin on tumor

volume and the suppression efficacy of GLI1. Results: Curcumin showed cytotoxic effects

on glioma cell lines in vitro. Both mRNA and protein levels of SHH/GLI1 signaling (Shh,

Smo, GLI1) were downregulated in a dose- and time-dependent manner. Several GLI1-

dependent target genes (CyclinD1, Bcl-2, Foxm1) were also downregulated. Curcumin

treatment prevented GLI1 translocating into the cell nucleus and reduced the concentration

of its reporter. Curcumin suppressed cell proliferation, colony formation, migration, and

induced apoptosis which was mediated partly through the mitochondrial pathway after an

increase in the ratio of Bax to Bcl2. Intraperitoneal injection of curcumin in vivo reduced

tumor volume, GLI1 expression, the number of positively stained cells, and prolonged the

survival period compared with the control group. Conclusion: This study shows that curc-

umin holds a great promise for SHH/GLI1 targeted therapy against gliomas.

Introduction

To date, the etiology of malignant gliomas is not fully understood.

However, more and more evidences indicate that it is associated

with multistep process involving accumulation of aberrant activa-

tion in signaling pathways such as AKT, NF-kB, ERK, mTOR,

JAK/STAT3, and SHH/GLI1 [1–3]. Clement et al. [4] demon-

strated that SHH/GLI1 signaling played an important role on

tumorigenicity of the human gliomas and their cancer stem cells.

In addition, SHH induces the transcription of important transcrip-

tion factor glioma-associated oncogene homolog 1 (GLI1). Activa-

tion and widespread expression of GLI1 in gliomas are consistent

with its isolation from a glioma cell line [5] and its expression in

brain tumors in situ [6]. Furthermore, with the activation of SHH/

GLI1 signaling pathway, the expression of multiple important

GLI1-regulated oncoproteins, such as N-myc, CyclinD1, Foxm1,

and Bcl-2, changed significantly [7]. The oncoproteins played

important roles on cell cycle, survival, invasion, and cancer stem

cell self-renewal. Thus, the biological behavior of glioma cells may

be suppressed through the inhibition of SHH/GLI1 signaling path-

way. Currently, several blockers, including cyclopamine, SANT1,

GANT58, and GDC-0449, have some limited therapeutic effect.
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However, they also show different levels of side effects. Therefore,

it is a pressing need to develop and test of the new alternative che-

motherapeutic agents. Curcumin (Figure 1A), the active ingredi-

ent of turmeric, has been shown to have multiple anticancer

effects including inhibition of cell proliferation, angiogenesis, and

induction of apoptosis [8]. Both in vivo and in vitro studies have

demonstrated that curcumin inhibit cancer growth significantly

[9,10]. Treatment of human GBM cells with curcumin in cell cul-

tures or after xenografting in immunocompromised mice resulted

in growth suppression, cell cycle arrest, and induction of apoptosis

or autophagy [11,12]. These anticancer effects were attributed to

curcumin’s effect on the NF-kB, ERK, AKT, or mTOR signal-

ing pathways. However, despite the fact that GLI1 is constitutively

activated in the majority of malignant gliomas, no study has

been performed to test the possible effect of curcumin on SHH/

GLI1 signaling pathway. In this study, we have revealed that the

effect of curcumin on various glioma cell lines was through

inhibiting the SHH/GLI1 signaling pathway and GLI1-regulated

proteins.

Materials and Methods

Cell Lines and Culture Conditions

Human glioma cell lines (U87, T98G) were purchased from Chi-

nese Academy of Sciences Cell Bank. All cells were cultured in

DMEM supplemented with 10% fetal bovine serum (FBS) and

1% antibiotic at 37°C in a humidified atmosphere with 5% CO2

and 95% air. The cells were routinely passaged at 2- to 3-day

intervals.

Cytotoxicity Assay

The cells were seeded into 96-well plates at 5000–8000 cells/well

and incubated overnight. Fresh medium containing various

concentrations of curcumin (Sigma-Aldrich, St. Louis, MO, USA)

was used. After 20 h, 20 ul per well of MTT dye (5 mg/mL) was

added for another 4 h. Subsequently, the medium was removed

completely and added with 150 ul DMSO into each well with

gently concussion for 10 min. The amount of formazan was quan-

tified using IMARKmicroplate reader at 490 nm of absorbance.

Cell Proliferation Assay

The MTT assay was used to determine relative cell growth as

above. Fresh medium containing various concentrations of curcu-

min was used for different time intervals (0, 24, 48, and 72 h).

Except for the 0 h, MTT solution (Sigma-Aldrich) was added.

Then, the medium was removed and added with DMSO for each

well. The amount of formazan was quantified using IMARK mi-

croplate reader at 490 nm of absorbance.

Colony Formation Assay

Briefly, cells were seeded in 6-well plates (0.5 9 10 3cells per

well) and allowed to grow for 24 h. Then, the cells were treated

with or without various concentration curcumin for another

24 h. The medium containing curcumin was then removed, and

the cells were washed in PBS and cultured for an additional

12 days in complete medium. The colonies obtained were washed

with PBS and fixed in 10% formalin for 10 min at room tempera-

ture and then stained with Giemsa stain. The colonies were

counted and compared with untreated cells. Each treatment was

performed in triplicate.

Migration (scratch) Assay

U87 and T98G cells were plated in 6-well plates (corning). When

the cells had reached subconfluency, mitomycinC (10 mg/mL)

was added to the medium for 2 h and a scratch was made using a

sterile pipette tip. The medium was changed with DMEM supple-

mented with 2% FBS plus treatment. Photographs of the

scratched area were taken at 0 h and after 24 h using a Axiovert

200 microscope (Carl Zeiss), and the number of cells that had

migrated over the margin of the scratch was counted. The scratch

was captured in six different photographs, and the numbers of

migrated cells were averaged. Experiments were repeated three

times.

(A)

(B)
Figure 1 Cytotoxic effect of curcumin on

human glioma cells. (A) Chemical structure and

molecular weight of curcumin. (B) U87 and

T98G cells were cultured in-96-well plates,

respectively, and treated with increasing

concentrations of curcumin for 24 h. Cell death

was analyzed using MTT assay. The error bars

represent standard error. Data are shown as

mean � SEM for the three replicates.

Statistical significance levels are indicated as:

*P < 0.05; **P < 0.01 and ***P < 0.001.
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Cell Cycle and Apoptosis Assays

U87 and T98G cells were plated in 6-well plates, and when the

confluence reached 70–80%, curcumin was added to the medium

at various concentrations. After 24 h, cells were harvested and

fixed in 70% (v/v) ethanol. Then, 50 mg/mL PI (Sigma-Aldrich)

and 10 mg/mL RNase A (Sigma-Aldrich) were added for 30 min.

The cells used for apoptosis analysis were resuspended in binding

buffer. Then, 10 ul of FITC annexin V (BD Pharmingen, San Jose,

CA, USA) and 5 lL PI (BD Pharmingen) were added and incu-

bated for 15 min. Then, the stained cells were analyzed by flow

cytometry (FACSCanto II, BD Biosciences,USA).

RNA Extraction, cDNA Synthesis

Total RNA was extracted from U87 and T98G cell lines using TRI-

zol reagent (Invitrogen, Carlsbad, CA, USA). The first strand

cDNAs were synthesized using PrimeScript RT reagents Kit (Per-

fect Real Time, TaKaRa, Japan) as the manufacturer’s instructions.

The reverse transcription reaction was carried out at 37°C for

15 min and then inactivated at 85°C for 5 seconds.

Quantitative Real-time PCR

Quantitative real-time polymerase chain reaction (qRT-PCR) was

performed in triplicate in LightCycler2.0 (Roche Diagnostics com-

pany, CH) and normalized with glyceraldehyde 3-phosphatedehy-

drogenase (GAPDH) as endogenous control. Endogenous mRNA

levels of SHH, SMO, GLI1 were determined using SYBR� Prime-

Script RT-PCR Kit (TaKaRa, Japan) in accordance with the manu-

facturer’s instructions. The real-time PCR primers were as follows:

Shh: sense 5′-TGCTGCTAGTCCTCGTCTCCT-3′; antisense 5′-

TTTTGGGGTGCC- TCCTCTT-3′; Smo: sense 5′CTTCAGCTGC-

CACTTCTACGACTTC-3′; antisense: 5′-TCGGGCGATTCTTGATCT-

CAC-3′; GLI1: sense 5′-GAGCACGAGGGCTGCA GTAA-3′;

antisense 5′-TCGCAGCGAG CTAGGATCTGTA-3′; GAPDH: sense

5′- ACGACCACTTTGTCAAGCTC-3′; antisense 5′- GGTCTACAT-

GGCAACTGAGA -3′.

Western Blot Analysis

Treated and untreated U87 and T98G cells were scraped in

Thermo scientific RIPA buffer (Pierce, USA) with protease inhibi-

tors. After centrifugation, lysate was separated in 10% sodium

dodecyl sulfate polyacrylamide gel electrophoresis and the gel was

blotted onto PVDF membrane (Millipore, USA). The membrane

was blocked in 5% milk–TBST solution and incubated separately

with rabbit antihuman Shh (1:500, Bioss Inc, USA), rabbit antihu-

man GLI1 (1:1000, Cell Signaling Technology, USA), mouse anti-

human CyclinD1 antibody (1:300, Santa Cruz, USA),rabbit

antihuman Bcl-2(1:500, Santa Cruz, USA), rabbit antihuman

Foxm1(1:1000, Cell Signaling Technology, USA), rabbit antihu-

man Bax (1:500, Santa Cruz, USA), mouse antihuman pro-

caspase-9 (1:500, Santa Cruz, USA), rabbit antihuman pro-cas-

pase-3 (1:500, Santa Cruz, USA), or mouse antihuman GAPDH

antibody (1:1000, Sigma, USA). Following incubation with HRP-

labeled secondary antibody (Introvigen), protein bands were

detected with Fujifilm Las-4000.

Immunofluorescence

The human glioma cell lines T98G (1 9 105 per well) were grown

on glass coverslips overnight. Then, they were treated with curcu-

min (20 uM) or DMSO for 24 h. The cells were fixed in 2%

paraformaldehyde, permeabilized, blocked, and incubated with

anti-GLI1 antibody (1:200; Bioss Inc,Woburn, MA, USA). Following

washing, the cells were incubated with Alexa594 labeled secondary

antibody. The slides were analyzed by confocal laser scanning

microscopy (Olympus FV1000 Laser Scanning Microscope, Japan).

GLI1 Reporter Assay

To determine GLI activity, a reporter was kindly provided by Greg-

ory J. Gores, M.D. (Division of liver pathobiology, Mayo Clinic,

Rochester, MN) containing eight directly repeated copies of a con-

sensus GLI1 binding site (89-GLI1) downstream of the luciferase

gene was used. The plasmid was transfected into U87 or T98G cells

(0.8 ug/well) using Lipofectamine 2000 reagent (Invitrogen,

USA). Cells were cotransfected with 50 ng of a plasmid expressing

Renilla luciferase under the control of cytomegalovirus promoter

(pGL4.75 Vector; Promega, Madison, WI, USA). Twenty-four

hours after transfection, cells were treated with and without curc-

umin for 24 h, as indicated. Then, cell lysates were prepared, and

both firefly and Renilla luciferase activities were quantified using

the Dual-Luciferase Reporter Assay System (Promega). Firefly

luciferase activity was normalized to Renilla luciferase activity to

control for transfection efficiency and cell numbers. Data were

expressed as fold increase over solvent-treated (Con) cells trans-

fected with the 89-GLI1/pRL-CMV reporter constructs.

Tumor Xenograft Study

Briefly, U87 cells(3 9 105 cells per mouse in 3 ul) transfected

with luciferase lentivirus (U87-luc) were injected into the intra-

cranial of 5-week-old female nude mice(n = 14) as described ear-

lier [13]. The next day, the mice were randomly distributed into

two groups following by intraperitoneal injection with curcumin

(60 mg/kg, n = 7) or solvent DMSO (Control, n = 7). The curcu-

min was intraperitoneal injected every day. After 20 days, tumors

were measured by bioluminescence of whole mice using an IVIS

Lumina Imaging System (Xenogen). When the mice showed typi-

cal clinical symptoms or significant weight lost following by frail

and in low spirits or at the end of the observation period

(40 days), blood samples were collected before being sacrificed

and portions of the tumor tissues were used for quantitative real-

time PCR and Western blot assay for GLI1 expression. Liver, lung,

heart, and kidney were also removed and fixed in formalin. Cryo-

sections (4 mm) were stained with hematoxylin and eosin and

used for immunohistochemical (IHC). These procedures were car-

ried out following approval by the Harbin Medical University

Institutional Animal Care and Use Committee.

Immunohistochemical (IHC) Analysis of
Xenograft Tumors

Briefly, the tumor tissues were deparaffinaged, rehydrated, treated

with 0.3% hydrogen peroxide, and processed for antigen retrieval
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using heat induction for about 10 min. Then, the samples were

processed for staining with anti-GLI1 antibody (1:200, bs-1206R,

Bioss Inc, USA). GLI1 expression was detected using peroxidase-

conjugated AffiniPure goat anti-rabbit IgG (ZSGB-BIO) and 3,3′-

diaminoben-zidine (DAB substrate kit, ZSGB-BIO). Then, the

slides were dehydrated, mounted, and visualized using an Olym-

pus CX31Microscope (Olympus Corporation, Japan). Immunohis-

tochemical analysis was performed as previously described [14].

Statistical Analysis

Results with mean and SEM in this study were calculated using

GraphPad Prism software (version 5.0). Comparisons of each

treatment data with control were carried out for statistical differ-

ence by the paired t-test. The survival curves were analyzed using

the log-rank test employing the Prism GraphPad software. Statisti-

cal significance was assumed at a value of P < 0.05.

Results

Curcumin had Cytotoxic Effects on Malignant
Glioma Cells

We investigated the cytotoxic effect of curcumin (Figure 1A) on

different malignant glioma cells using the MTT assay. Figure 1B

showed dose-dependent effect of curcumin on two different

glioma cell lines (U87 and T98G). The sensitivity to the agent

between the two glioma cell lines was different. The medial IC50

was 15 uM and 31 uM for the U87 and T98G, respectively. These

results showed that curcumin was cytotoxic against malignant

glioma cell lines. Therefore, in subsequently study, we separately

chose two doses of curcumin for each cell line (10 uM, 20 uM for

U87 and 20 uM, 40 uM for T98G).

Curcumin Suppressed the Core Components and
GLI1-dependent Target Oncoproteins in SHH/GLI1
Signaling Pathway

There are evidence that glioma tumorigenesis has an association

with the SHH/GLI1 signaling pathway [4,15]. To investigate

whether curcumin influences the SHH/GLI1 pathway and GLI1-

dependent target oncoproteins, glioma cells (T98G) were treated

with 40 uM curcumin for different time period (0, 8, 16, 24 h)

and then analyzed for SHH, SMO, and GLI1 mRNA expression. It

was found that the expression of all three genes decreased signifi-

cantly in a time-dependent manner after treatment (Figure 2A).

Western blot analysis further verified that curcumin treatment

downregulated SHH and GLI1 expressions in a time-dependent

manner (Figure 2B). Likewise, Cyclind1, Bcl-2, and Foxm1, the

downstream factors of GLI1 oncoproteins were inactivated in

(A)

(C)

(B)

Figure 2 Curcumin inhibited SHH/GLI1

signaling and its downstream targets

oncoproteins in time- and dose-dependent

manner. (A) Real-time everse transcription-PCR

analysis of total RNA from T98G cells following

40 uM of curcumin treatment for different time

points (0, 8, 16, 24 h) revealed decreasing

expression of Shh, Smo, and GLI1 on mRNA

level. (B) Western blot assay showed curcumin

treatment led to decreased levels of Shh, GLI1,

and GLI1-regulated target (CyclinD1, Bcl-2,

Foxm1) proteins in time-dependent manner in

T98G cells following 40 uM agent exposure for

24 h. (C) U87 and T98G cells were plated and

grown for 24 h and then treated with the

solvent DMSO (control) or with different

(indicated) doses of curcumin dissolved in

DMSO for 24 h before harvesting. Western blot

assay shows curcumin inhibits core

components of the SHH/GLI1 signaling (SHH,

GLI1) and its target oncoproteins (CyclinD1,

Bcl-2, Foxm1) in dose-dependent manner. Data

are shown as mean � SEM for the three

replicates. Statistical significance levels are

indicated as: *P < 0.05; **P < 0.01 and

***P < 0.001.
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curcumin-treated group (Figure 2B). Subsequently, both cell lines

were treated with various concentrations of curcumin or with sol-

vent DMSO only (Control) for 24 h. The oncoproteins expression

of SHH/GLI1 signaling pathway were then analyzed. These data

revealed that almost all the genes showed a dose-dependent

response to the curcumin treatment (Figure 2C), suggesting that

curcumin downregulating the core components of the SHH/GLI1

signaling pathway and GLI1-dependent target oncoproteins in a

time- and dose-dependent manner.

Curcumin Treatment Inactivated Transcription
Activities of GLI1 and Decreased GLI1
Expression Level at the Cell Nucleus and
Cytoplasma

Activating the SHH/GLI1 pathway enriched the GLI1′s level and

promoted GLI1 transportation into the cell nucleus. Nuclear

staining of GLI1 was a reliable indicator of HH pathway activa-

tion as it bound to a consensus GLI1-binding element in target

genes for activation [16]. To determine the effect of curcumin

on the SHH/GLI1 signaling pathway, T98G cells were treated

with curcumin (20 uM), and the GLI1 expression level and

localization were analyzed under confocal microscopy. As

shown in Figure 3A, curcumin decreased the GLI1’s expression

level significantly at the cell nucleus and cytoplasma compared

with control cells. Subsequently, the 89-GLI1 reporter was

transfected into U87 and T98G cell lines. After treatment of

curcumin, we found that the luciferase activity also decreased

significantly compared with control cells (Figure 3B). These data

revealed that curcumin suppressed GLI1 activation and pre-

vented its translocation into cell nucleus. Moreover, curcumin

treatment reduced the expression of GLI1 in both cytoplasma

and nucleus.

Curcumin Inhibited Proliferation of Human
Glioma Cells and induced G2/M Arrest

This study shows that curcumin is a potent inhibitor of SHH/GLI1

signaling and GLI1-regulated oncogenes in U87 and T98G glioma

cells. To examine the effect of SHH/GLI1 signaling inactivation on

cell proliferation, MTT assay was performed to evaluate the poten-

tial restraining effect of curcumin on cell growth in the two glioma

cell lines (Figure 4A). Due to the different sensitivity to the agent,

the two cells were exposed to increasing doses of curcumin (5, 10,

20, 40 umol/L in U87 and 10, 20, 40, 80 umol/L in T98G) for test

samples or solvent DMSO only (control) for different time periods

(0, 24, 48, 72 h). Both the cell lines responded to the curcumin

treatment in a dose-and time-dependent manner. Similarly, colony

formation was suppressed by curcumin treatment in both glioma

cell lines (Figure 4B), suggesting that curcumin’s effect on the

tumor cells was irreversible. To further understand the mechanism

of the growth inhibitory effect of curcumin in human glioma cells,

we performed the cell cycle analysis in U87 and T98G cells. The data

showed that different doses of curcumin gradually induced a signifi-

cant G2/M phase arrest in glioma cells following a 24 h exposure

(Figure 5A). All these data suggested that curcumin could inhibit

glioma cells proliferation, colony formation, and induce a G2/M

phase arrest mediated via interfering with SHH/GLI1 signaling.

Curcumin Restrained the Migration of Glioma
Cells

Both U87 and T98G were malignant glioma cell lines which pre-

sented highly invasive growth characteristics in vitro and vivo. In

accordance with this, downstreams of GLI1-regulated genes

showed a very strong characteristics of promoting motility and

invasiveness of cancer cells [17]. To test whether the inhibition of

(A)

(B)

Figure 3 Curcumin treatment decreased GLI1

expression at the cytoplasma,nucleus and

inactivated consensus GLI1-binding sites.

(A) T98G cells treated with 20 uM of curcumin

for 24 h were subjected to immunofluorescent

staining using anti-GLI1 antibody. Curcumin

treatment prevented most of GLI1

translocation into nucleus and resulted in

lower expression levels at the cytoplasma. Bars

represent 20 um. (B) U87 and T98G cells were

transiently transfected (24 h) with a firefly

luciferase reporter construct containing eight

consecutive consensus GLI1-binding sites

(89-GLI1) and cotransfected with pGL4.75.

Cells were then treated as indicated with

solvent DMSO (control) or curcumin. Both

firefly and Renilla luciferase activities were

quantified, and the firefly/Renilla luciferase

activities were recorded as fold induction over

solvent-treated (Con) cells transfected with the

89-GLI1/pGL4.75 vector reporter constructs.

Mean � SEM (n = 3; *P < 0.05).
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SHH/GLI1 signaling by curcumin treatment could influence cell

migration in vitro, a wound-healing assay was performed. The

results displayed that curcumin treatment also attenuated the

migration of U87 and T98G cells compared with controls (Fig-

ure 5B).

Curcumin-induced Apoptosis of Human Glioma
Cells Partly Through the Mitochondrial Pathway

As inhibition of SHH/GLI1 signaling pathway could enhance

apoptosis in brain glioma cell lines [18] and the downstream of

GLI1-regulated genes (such as bcl-2 and Foxm1) also had strong

correlation with cell survival [19,20], we performed the Annexin

V/PI staining to verify whether curcumin treatment could induce

apoptosis. Flow cytometric analysis revealed that curcumin

induced the apoptosis of both glioma cells in a dose-dependent

manner (Figure 6A,B). Subsequently, to confirm the apoptotic

route of curcumin-dependent Shh inhibition activation, the T98G

cells were treated with 40 uM of curcumin and harvested after

different time periods (0, 8, 16, and 24 h). First, the effect of curc-

umin on caspase-3 was examined. Figure 6C shows that the level

of caspase-3 increases significantly after curcumin treatment.

Then, we investigated the expressions of Bax and Bcl-2 proteins

and found that both of them altered in a time-dependent manner.

The trend of changes was opposite. The level of Bax gradually

increased. The level of Bcl-2 decreased after curcumin treatment.

The Bax/Bcl-2 ratio (Figure 6D) also gradually increased. To fur-

ther confirm this, caspase-9 was also detected. The results show

that the expression of caspase-9 increases in a time- dependent

manner (Figure 6C). Summing up the above results, we find that

inhibition of SHH/GLI1 signaling by curcumin may act as a novel

mechanism of the apoptosis.

(A)

(B)

Figure 4 Curcumin suppressed proliferation of U87 and T98G cells. (A) Cells were plated and grown for 24 h and then treated with solvent only (Con) or

increasing doses of curcumin as indicated and harvested after 24, 48, and 72 h. Cell viability was examined using the MTT assay. Curcumin treatment

resulted in significant decrease dose- and time-dependent manner in cell proliferation in both two cell lines when compared with untreated controls. (B)

Curcumin inhibited colony formation. Human glioma cells were incubated with indicated concentrations of curcumin for 24 h and allowed to grow into

colonies for 12 days. Incubation with curcumin inhibits colony formation. Data are mean � SEM for the three replicates. *P < 0.05; **P < 0.01 and

***P < 0.001.
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Curcumin Inhibited GBM Growth in Vivo through
SHH/GLI1 Signaling and Prolonged the Survival
Period

To investigate whether antiglioma effect of curcumin can be

achieved in vivo, an intracranial glioma model on nude mice was

adopted. Mice were intracranial injected with U87-luc cells with

or without the treatment of curcumin; bioluminescence imaging

was performed for the whole body to evaluate the effect of

curcumin on glioma tumor growth. The curcumin treatment

group displayed a marked reduction in the tumor (Figure 7A);

Immunohistochemical analysis showed that GLI1 expression and

number of positively stained cells decreased significantly in curcu-

min-treated samples compared with control; Furthermore, real-

time PCR and Western blot analysis confirmed that both the

mRNA and protein level of GLI1 expression significant decreased

(A)

(B)

Figure 5 Curcumin-induced G2/M phase arrest and restrained the migratory potential of glioma cells. (A) Cells were plated and grown in 6-well plate for

24 h and then treated with solvent only (Con) or the indicated concentrations of curcumin for 24 h. Results were examined by flow cytometry following

propidium iodide staining for DNA content. Curcumin treatment induced a significant increase in the percentage of cells in G2/M phase in two cell lines.

Histograms and cell cycle distributions shown are representative of three independent experiments. (B) Cell migration was analyzed using the wound-

healing assay. A single scratch was made in the confluent monolayer. The scratch was photographed at 0 h and after 24 h treatment with solvent (Con) or

with the indicated doses of curcumin. Cells those migrated into the scratch were counted. Cell migration was restrained by the curcumin treatment

compared with control group. *P < 0.05, significant difference between groups. Bars represent 250 um.
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in curcumin treatment group (Figure 7C). Besides, the treatment

of curcumin reduced the influence on general health of nude mice

caused by tumor (Table 1). However, the dosage of curcumin did

not cause significant tissue or organ metabolic toxicity from

checking the serum markers (Table 2) and histological change by

H&E analysis (Suppl Figure 1). To further better evaluate the ther-

apeutic effect of curcumin on nude mice, the survival period of

each group (n = 7/group) was analyzed by Kaplan–Meier curve;

the curcumin-treated group showed a significant improvement in

survival until the end of the observation period compared with

the control group (P < 0.05) (Figure 7D).

Discussion

Until today, glioblastomas (GBM) are still the most common

malignant brain tumors in human. Although neurosurgery, radio-

therapy, and chemotherapy have been adopted to treat the condi-

tion, even in recent years, new chemotherapy drugs, such as

temozolomide and several specific channel blockers, have been

used to get better effect to control the tumor [21–23], the curative

efficacy is still unsatisfactory. Therefore, there is a pressing need to

search for novel strategies to develop improved therapeutics

against GBM. The glioma-associated oncogene homologue1

(GLI1) isoform was first isolated from a human GBM. GLI1 is

overexpressed due to gene amplification or somatic copy number

increase in glioma. Clement V et al. [4] demonstrated that the

SHH/GLI1 pathway was activated in malignant gliomas. Wang

et al. [24] further showed that SHH/GLI1 signaling pathway

inhibition restricted cell migration and invasion in human

gliomas. Therefore, GLI1 appears to be an attractive target for

pharmacologic intervention. There had been several strategies to

inhibit the SHH/GLI1 signaling pathway such as using siRNA

[18,25], inhibitors of specific pathway [26], and some chemother-

apeutics. However, frequent drug resistance and potent side

effects of these agents limited their application in the clinical

applications. In contrast, curcumin is a popular dietary supplement

(A)

(B) (C) (D)

Figure 6 Curcumin triggered apoptosis through the internal pathway in glioma cells. (A) Subconfluent cells were either solvent DMSO-treated (Con) or

challenged with the indicated concentrations of curcumin for 24 h, and then, cell apoptosis was examined by flow cytometry assay using the Annexin

V/PI. A representative experiment of the three replicated assays is shown. (B) Histogram representing dose-dependent apoptosis of the U87 and T98G cell

lines. Data are mean � SEM of three replicates. *P < 0.05; **P < 0.01; ***P < 0.001. (C) The T98G cells were treated with 40 uM curcumin for the

indicated periods of time, and then, cell extracts were prepared and used for Western blot assay using the indicated antibodies. Results showed that Bcl-2

decreased following the increasing time points. Others were increased in a time-dependent style. (D) Graph showing the Bax/Bcl-2 ratio. Error bars

represent standard error of three different experiments.
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that has been shown to have a wide variety of beneficial effects

including antioxidant, anti-inflammatory, anticancer activities,

etc. [27]. Furthermore, several studies have shown that curcumin

could suppress cell proliferation and induce apoptosis of several

cancer cells including pancreas, breast, colon, lung, leukemia,

prostate carcinoma, and glioblastomas [9,28–32]. It is also argued

that curcumin exerts antiglioma effect by inhibiting NF-kB, Akt,

JAK1,2/STAT3 signaling pathway [33,34]. However, the mecha-

nism of these effects is not clear. In this study, we first find that

the action of curcumin is associated with the SHH/GLI1 pathway.

Curcumin downregulated the expressions of Shh protein, GLI1

protein, and specific target proteins in the pathways that have

important roles on cell proliferation, migration, and apoptosis.

Considering the importance of GLI1 in the pathway, we found

(A)

(B)

(D) (E)

(C)

Figure 7 Curcumin inhibited glioma growth in xenograft mouse model through interference with the SHH/GLI1 signaling pathway and prolonged the

survival period. (A) Luminescence imaging for curcumin-treated U87-luc tumors versus controls. (B) The effect of curcumin on GLI1 expression and

localization. Tumor tissues from curcumin or control treated mice were processed for immunohistochemical staining using anti-GLI1 antibody. Reduced

staining of GLI1 was observed in curcumin-treated mice compared with control. (C) The expression of GLI1 in intracranial graft assessed by real-time PCR

and Western blot. (D) Kaplan–Meier survival curves indicating mice with the treatment of curcumin significantly better outcome compared with controls.

(E) Schematic diagram of the effect of curcumin on SHH/GLI1 signaling in glioma. *P < 0.05, significant difference between groups.
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that curcumin reduces intracellular and intranuclear levels of

GLI1 in a dose-dependent and time-dependent manner in both

GBM cell lines. Furthermore, MTT assay, colony formation, and

tumor volume assay showed that GLI1 inhibition by curcumin

was correlated with reduced cell growth in vitro and in vivo. More-

over, we found that curcumin induced an accumulation of glioma

cells in the G2/M phase of the cell cycle as analyzed by DNA flow

cytometer. Because GLI binds to consensus motifs within the

promoter or enhancer regions such as N-myc, CyclinD1, and

Foxm1 genes [35–37], proteins those drive cell proliferation and

cell cycle progression were dysregulated. We found that levels of

both CyclinD1 and Foxm1 proteins decreased in a dose-dependent

and time-dependent manner. However, the function of the two

proteins is not identical. It is known that CyclinD1 dysregulation

by Shh signals drives cell cycle progression at G1/S [37]. Mean-

while, Foxm1 promotes cell cycle progression at G2/M phase

through direct up-regulation of CyclinB1 and Cdc25B [38]. These

facts indicate that SHH/GLI1 signaling promotes cellular progres-

sion through upregulating multiple cell cycle regulators during

G1/S and G2/M phases. Combined with our study, we suggest that

the phase arrest in G2/M after curcumin-mediated GLI1 inhibition

may be the underlying mechanism for the observed growth inhi-

bition in human gliomas. In addition, we also demonstrated that

curcumin could promote glioma cells apoptosis which was consis-

tent with previous studies [39–41]. Luthra et al. [42] demon-

strated that curcumin induced Bcl-2 mediated G2/M arrest and

apoptosis in human glioma U87 cells. In the current study, we

found that after interfering with SHH/GLI1 signaling by curcumin

treatment, Bcl-2 expression level decreased significantly. Mean-

while, Bcl2, an anti-apoptotic effector, is one of the direct targets

of SHH/GLI1 signaling. Subsequently, to verify whether the apop-

tosis was caused by inhibition of Bcl-2 through the internal mito-

chondrial pathway, we also examined the expression of caspase-3,

Bax, and caspase-9. The results showed that the underlying mech-

anism of induction apoptosis in human gliomas is most likely

related to by curcumin-mediated GLI1 inhibition. In addition, the

efficacy of curcumin to suppress GLI1 activity was also verified by

observation the reduced mRNA and protein expression in glioma

cells of incranial implanted tumors compared with controls. Curc-

umin was injected intraperitoneally to increase absorption as sug-

gested previously [13]. Moreover, it is also possible that

intraperitoneal injection of curcumin may cross the brain blood

barrier [43]. In our mice model experiment, curcumin signifi-

cantly reduced the size of incranial tumors in U87-implanted nude

mice and decreased the expression of GLI1 in the cytoplasm and

nucleus. Thus, our in vivo results were in accordance with the vitro

results. In addition to this, the survival period of the curcumin-

treated mice was prolonged to some extent compared with the

control. In conclusion, we demonstrated that curcumin inhibited

GBM cells proliferation and induced apoptosis through SHH/GLI1

pathway (Figure 7E), indicating that curcumin may be used as a

therapeutic agent in multimodal treatment of patients with

glioma.
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