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Glioblastoma (GBM) is a highly aggressive brain tumor character-
ized by increased proliferation and resistance to chemotherapy
and radiotherapy. Recently, a growing body of evidence suggests
that glioma-initiating cells (GICs) are responsible for the initiation
and recurrence of GBM. However, the factors determining the
differential development of GICs remain poorly defined. In the
present study, we show that curcumin, a natural compound with
low toxicity in normal cells, significantly induced differentiation
of GICs in vivo and in vitro by inducing autophagy. Moreover,
curcumin also suppressed tumor formation on intracranial GICs
implantation into mice. Our results suggest that autophagy plays
an essential role in the regulation of GIC self-renewal, differenti-
ation, and tumorigenic potential, suggesting autophagy could be
a promising therapeutic target in a subset of glioblastomas. This
is the first evidence that curcumin has differentiating and
tumor-suppressing actions on GICs. (Cancer Sci 2012; 103: 684–
690)

G lioblastoma (GBM) is a highly aggressive form of brain
cancer associated with complicating therapeutic interven-

tion. Recent evidence has indicated that the initiation and
growth of GBM has been linked to glioma-initiating cells
(GICs), which share features with neural stem cells and are
poorly differentiated.(1,2) Furthermore, it has been reported that
bone-morphogenetic protein, as well as distinct microRNAs,
can suppress the tumorigenicity of GICs by promoting their
differentiation.(3–5) Thus, it may be possible to target GICs by
developing differentiation-inducing therapies for GBM tumors.
This approach requires an understanding of the mechanisms
involved in the maintenance of the poorly differentiated,
tumor-initiating cell state.
Autophagy is essential for maintaining cellular energy

homeostasis during nutritional stress, and also appears to play
important roles in development and differentiation. A recent
study has reported that embryonic stem cells lacking beclin 1 or
Atg5 are defective in forming cavitated embryoid bodies in vitro,
due to the failure in clearing apoptotic cells.(6) Autophagy is
also involved in the differentiation, survival, and death of leuko-
cytes, although there are differences between the different cell
types. In a human myeloid leukemia cell line (K562), which can
be differentiated to mimic erythropoiesis in vitro, it was deter-
mined that autophagic activity is high during this process.(7)

The B cell development was blocked at the pro-B cell stage in
the bone marrow in the absence of Atg5.(8) Beclin 1 autophagy
gene plays an essential, but selectively, early role during T cell
development.(9) In our previous report, we provided evidence
that autophagy defect in GICs contributes to differentiation
block and glioma radioresistance.(10) In this study, we analyze
the role of autophagy in GIC differentiation in more detail.
Curcumin, a low molecular weight compound, has been con-

sumed by humans for centuries as an anti-inflammatory and
antioxidant in Ayurvedic medicine.(11,12) Curcumin reduces
oxidative damage and cognitive deficits in animal models of

Alzheimer’s disease, ischemic stroke, and traumatic brain
injury.(13–15) Recently, curcumin was found to possess antican-
cer activities in multiple human carcinomas including mela-
noma, head and neck, breast, colon, pancreatic, prostate, and
ovarian cancers.(16–24) The mechanisms by which curcumin
exerts its anticancer effects are comprehensive and diverse, tar-
geting many levels of regulation in the processes of cellular
growth. In a previous study, we reported that autophagy plays
an essential role in the regulation of GIC self-renewal, differ-
entiation, and tumorigenic potential.(10) Here, we investigated
the anticancer effect of curcumin on GICs in vitro and in vivo.
We found that curcumin induced differentiation of GICs and
efficiently inhibited growth of GICs by activating autophagy.
These findings support a role for curcumin as an adjunct to
traditional chemotherapy in the treatment of GBM.

Materials and Methods

Patients. Tumor samples classified as GBM based on World
Health Organization criteria were obtained from patients
undergoing surgical treatment. The subjects’ consent was
obtained according to the Declaration of Helsinki. The study
protocol was approved by the Medical Review Board of Soo-
chow University Medical School (Suzhou, China).

Cell culture. We obtained GICs, named SU-2 and SU-3, from
surgically resected human GBM samples, as reported previ-
ously.(10,25) Cells proliferated in the presence of fibroblast
growth factor (FGF) (20 ng/mL; Gibco, Frederick, MD, USA),
epidermal growth factor (EGF) (20 ng/mL; Gibco, Camarillo,
CA, USA), and N2 supplement (Gibco) in serum-free media
DMEM/F12 (Gibco) and differentiated in the presence of
serum or in the absence of basic fibroblast growth factor
(bFGF) and EGF.

Antibodies and reagents. The following antibodies were
used: Nestin (clone 10C2); Musashi (EP1302); O4 (clone 81);
GFAP (clone GFA-02); MAP-2 (HM-2); bIII-tubulin (clone
2G10); and b-actin (clone EP1123Y). Curcumin (Sigma, St
Louis, MO, USA) was dissolved in DMSO to produce a 100
mM stock solution.

Clonogenic survival assay. Cells were untreated, treated with
2 lM curcumin (curcumin group), or 2 lM curcumin + 3-
methyladenine (curcumin + 3-MA group). To determine
whether the effect on GICs resulted from autophagy induction,
we used 3-MA (Cat: M9281; Sigma) to inhibit autophagy
induction. Cells in the curcumin + 3-MA group were treated
with 3-MA (10 mM) 10 min before curcumin. After treatment
in various groups, GIC neurospheres were dissociated in sin-
gle-cell suspension prior to plating. Cells were seeded in
DMEM/F12 without EGF/bFGF for 24 h, then cultured in
DMEM/F12 with 10% FBS in six-well plates until visible col-
ony formation. Each treatment for each cell type from each
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source was carried out in triplicate. After 15 days in culture,
cell colonies were fixed with ethanol and stained with 0.5%
crystal violet (Sigma). Colonies that contained � 50 cells were
counted.

Neurosphere formation assay. Cells treated as described
above were dissociated into single cells and plated in 24-well

plates at 10 cells per well. After 7 days, the percentage of
wells containing neurospheres and the total number of cells
were quantified.

Autophagy assay. Cells were untreated, or treated with curc-
umin, 3-MA + curcumin, or E64d + curcumin. Glioma-initiat-
ing cells were untreated, or treated with curcumin (2 lM) for

(A)

(B)

Fig. 1. Curcumin promotes differentiation of glioblastoma neurospheres. (A) Quantitative real-time PCR analysis was carried out to determine
the mRNA levels of the differentiation markers GFAP, Tuj1, and Olig2 in SU-2 neurospheres after 3 days of the indicated treatments. The GAPDH
mRNA levels were used as an internal normalization control. Error bars represent the mean ± SD. (B) Immunocytochemistry for the indicated pro-
teins was carried out in SU-2 neurospheres after 3 days of the indicated treatments on poly-L-lysine-coated coverslips. Nuclei were counterstained
with DAPI. Similar results were observed in SU-3 neurospheres (data not shown). 3-MA, 3-methyladenine.

(A)

(B)

Fig. 2. (A) Quantitative real-time PCR analysis was used to determine the mRNA levels of the differentiation markers GFAP, Tuj1, and Olig2 in
SU-3 single glioma-initiating cells after 3 days of the indicated treatments. The GAPDH mRNA levels were used as an internal normalization con-
trol. Error bars represent the mean ± SD. (B) Immunocytochemistry for the indicated proteins was carried out in SU-3 neurospheres after 3 days
of the indicated treatments on poly-L-lysine-coated coverslips. Nuclei were counterstained with DAPI. Similar results were observed in SU-2 cells
(data not shown). 3-MA, 3-methyladenine.

Zhuang et al. Cancer Sci | April 2012 | vol. 103 | no. 4 | 685
© 2011 Japanese Cancer Association



24 h. To detect the effects of the autophagy inhibitor 3-MA or
the lysosomal inhibitor E64 on LC3-II, cells were treated with
3-MA (10 mM) or E64 (10 lg/mL), respectively, 10 min
before curcumin (2 lM). Cells were then subjected to immu-
nofluorescence analysis or Western blot analysis.

Intracranial tumor cell injection into immunocompromised mice
and post-treatment experiments. All mouse experiments were
approved by and carried out according to Chinese laws gov-
erning animal care. As previously reported, an intracranial
orthotropic model was used for evaluation of tumorigenicity of
GICs.(10,25) The GICs were dissociated and resuspended in 2
lL PBS. Cells (n = 200 000) were injected stereotactically into
the right caudate nucleus (1.0 mm anterior and 2.5 mm lateral
to the bregma) of 6-week-old athymic nude mice. The rate
was 0.2 lL/min for a total of 10 min. On day 5 post-tumor
implantation, mice were randomized into two groups (14 mice
per group): untreated (control) and curcumin. Curcumin was
given as an i.p. injection (300 mg/kg) and repeated every 3
days. This dose was tolerated well in pilot experiments. Mice
in each group were placed in either the tumor analysis group
(n = 6) or the survival group (n = 8). Mice were observed
daily to monitor external appearance, feeding behavior, and
locomotion for a total of 120 days. Five weeks after tumor

implantation, mice in the tumor analysis group were killed and
their brains removed for H&E staining and transmission elec-
tron microscope examination. Mice in survival groups were
observed daily until they became moribund. The survival time
after GICs implantation until onset of a moribund state was
recorded.

Results

Treatment with curcumin induced GIC differentiation. We
obtained GICs, named SU-2 and SU-3, from surgically
resected human GBM samples, as reported previously.(10,25,26)

We assessed the effect of various treatments on differentiation
following the two mentioned differentiation protocols. Neuro-
spheres were incubated with FGF2 and EGF under serum-free
conditions. A time-course experiment showed that cells treated
with curcumin acquired the markers of differentiation Tuj1,
GFAP, and Olig2 (Fig. 1A) earlier than untreated cells and co-
treated cells. We also observed an increase in the expression
of differentiation markers (GFAP and bIII-tubulin), together
with a decrease in the expression of neural stem/progenitor
markers (CD133 and Nestin) as detected by immunocytochem-
ical assays (Fig. 1B). Moreover, neurospheres were induced to
differentiate in the absence of EGF and FGF for 3 days. Cells
treated with curcumin expressed high levels of differentiation
markers (Tuj1, GFAP, Olig2, and bIII-tubulin) and low levels
of neural stem/progenitor markers (CD133 and Nestin),
whereas cells in the other groups expressed low levels of dif-
ferentiation markers and high levels of neural stem/progenitor
markers, as detected by immunocytochemical assays and as
quantified by real-time quantitative reverse transcription PCR
(Fig. 2). Overall, our results indicated that curcumin induced
the differentiation of GICs.

Curcumin decreases GIC self-renewal. We decided to evaluate
the effect of curcumin on GIC self-renewal following a well-
described protocol based on the ability of GICs to generate
neurospheres.(27) Cells treated as described in “Materials and
Methods” were dissociated into single cells and cultured in
serum-free media with FGF2 and EGF. Relative to cells in the
untreated group and co-treated group, cells in the curcumin-
treated group became more attached to the culture plate, losing
their spherical shape (Fig. 3B) after 7 days of the indicated
treatments. The newly formed neurospheres and the total num-
ber of cells were counted. Treatment with curcumin decreased
the amount and size of the newly formed neurospheres as well
as the total number of cells, indicating that the curcumin
represses GIC self-renewal (Fig. 3A,B).
To further validate the effect of curcumin on GIC self-

renewal, we carried out a clonogenic survival assay. Cells
previously treated with curcumin generated a decreased num-
ber of colonies as compared to untreated cells or co-treated
cells (Fig. 3C). The decrease in self-renewal and colony for-
mation capacity was in line with the significant decrease in
Nestin and Sox2 immunopositivity with curcumin treatment,
whereas GFAP and bIII-tubulin staining concomitantly
increased.
Overall, our results indicated that curcumin not only induced

the differentiation of GICs but also deregulated GIC self-
renewal.

Increased autophagy induction in GICs and xenograft tumors
following treatment with curcumin. We investigated whether
treating GICs with curcumin would result in autophagy.
Although microtubule-associated protein light chain 3 (LC3)
has several homologs in mammals, LC3-II is most commonly
used for autophagy assays. LC3-II, or the protein tagged at its
N-terminus with a fluorescent protein has been used to monitor
autophagy through indirect immunofluorescence. Another
approach is to detect LC3 conversion (LC3-I to LC3-II) by

(A)

(B)

(C)

Fig. 3. Effect of curcumin on glioma-initiating cell self-renewal. (A)
Curcumin attenuated the efficiency of glioma-initiating cells to form
neurospheres. The percentage of neurosphere-forming cells and the
total number of cells were determined. *P < 0.05. (B) Representative
images of SU-2 neurospheres. Similar results were observed in SU-3
neurospheres (data not shown). (C) The number of colonies was deter-
mined after staining with 0.01% crystal violet. *P < 0.05. Error bars
represent the mean ± SD. 3-MA, 3-methyladenine.
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immunoblot analysis because the amount of LC3-II is clearly
correlated with the number of autophagosomes.(28) After GIC
exposure to untreated, curcumin, 3MA + curcumin, or E64d +
curcumin, changes in cellular localization of punctate LC3
expression were observed (Fig. 4A). Quantification of the per-
centage of punctate LC3 expression in each treatment (Fig. 4B)
showed that untreated and treatment with 3MA + curcumin
resulted in approximately 4% and 5% of punctuate LC3 expres-
sion, respectively, compared to 70% of punctuate LC3 expres-
sion in single treatment with curcumin in GICs. To determine
whether elevation in LC3 expression resulted from autophagy
induction or sluggish autophagy flux, we used 3-MA to inhibit
autophagy induction and used E64d, a lysosomal protease inhibi-
tor to inhibit the autophagy flux. As expected, the expression of
LC3 was blocked by 3-MA, which inhibits type III PI3K, initia-
tor of autophagy. LC3 expression were elevated by E64d, which
blocked the flux of autophagy. The changes in protein levels of
LC3-I (18 kDa) and LC3-II (16 kDa) in GICs with the same
treatments as mentioned above were further confirmed by immu-
noblotting analysis (Fig. 4C).
We next carried out xenograft experiments to investigate the

effect of treatment with curcumin in animal models. Electron
microscope showed a remarkable increase in the number of
autophagosomes in tumor sections obtained from our in vivo
tumor study on curcumin treatment (Fig. 4D). As such, the
effects of curcumin on GIC differentiation were specifically

due to autophagy induction. Taken together, these findings
indicate that curcumin promoted differentiation of GICs by
activating autophagy.

Increased survival of mice bearing GIC intracranial xenograft
tumor treated with curcumin. We next sought to establish if
delivery of curcumin in vivo might prevent intracerebral gli-
oma tumor establishment and growth. Animals with untreated
therapy developed large tumor masses that showed characteris-
tic GBM features, including nuclear atypia, expression of aber-
rant glia, and extensive neovascularization, and invaded the
lateral, third, and fourth ventricles (Fig. 5A).(29) Mice receiv-
ing curcumin therapy displayed small, confined lesions (Fig.
5A). Lesions in curcumin-treated animals included few neo-
plastic cells, conversely, tumors in the untreated groups con-
tained pleiomorphic, neoplastic elements, with malignant,
infiltrating cells (Fig. 5A). Untreated intracranial glioma-bear-
ing mice developed cachexia and poor feeding that did not
improve, whereas curcumin therapy resulted in less toxicity.
Survival in animals bearing GIC intracranial xenografts was
evaluated using log–rank analysis from a Kaplan–Meier sur-
vival curve (Fig. 5B). Nearly all mice receiving curcumin ther-
apy survived the study period of 120 days, whereas three
months post-injection all animals in the untreated groups died.
The data indicate that treatment of nude mice bearing intracra-
nial GIC glioma xenografts with curcumin results in a signifi-
cant increase in animal survival when compared with untreated

Fig. 4. Autophagy detection in glioma-initiating cells treated with curcumin. (A) Changes in LC3 and GFAP in SU-2 after the indicated treat-
ments assessed by immunocytochemistry. After specific treatment, the cells were subjected to immunofluorescence with anti-LC3-II antibody and
anti-GFAP antibody. (B) Quantification of cells with LC3 dots in SU-2 treated by indicated treatments. The percentage of cells with punctate LC3
fluorescence was calculated relative to all GFP-positive cells. Similar results were observed in SU-3 (data not shown). (C) Cells were harvested in
the indicated time for Western blot analyses for LC3-II. (D) Representative electron micrograph images showing increased formation of auto-
phagosomes following curcumin treatment in an in vivo SU-3 xenograft model. Transmission electron microscope images showed intact nuclear
membrane and normal structure of chromatin and mitochondria in untreated and co-treated groups. The images show a remarkable increase of
double membrane autophagosomes (arrows) in the curcumin-treated group. Four mice in each group and 10 fields for each mouse were exam-
ined and displayed similar morphological changes. 3-MA, 3-methyladenine; N, nucleus. Scale bar = 1 lm.
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controls. In summary, these findings indicate that curcumin
suppresses the tumorigenicity of GICs and are consistent with
our results in vitro.

Treatment with curcumin decreases tumorigenicity of GICs
through induction of differentiation. Given the phenotypic
changes we observed in curcumin-treated GICs in vitro, we
next tested whether treatment with curcumin affects in vivo
differentiation potential of GICs (Fig. 6). The majority of cells
within the untreated groups were Nestin positive, whereas only
a few GFAP-positive cells and a few bIII-tubulin-positive cells
could be detected per field. In contrast, the xenograft lesions
in the curcumin-treated group showed decreased Nestin expres-
sion and a concomitant overall increase of GFAP and bIII-
tubulin positivity. These in vivo effects parallel the effects of
curcumin on neurosphere cells observed in vitro.

Discussion

Glioblastomas are common and aggressive brain tumors in
adults. The current standard treatments for malignant gliomas
include surgical resection, radiation therapy, and chemother-
apy. Despite progress in understanding the molecular mecha-
nisms involved in the genesis and progression of glioma, the
prognosis and treatment of this tumor type continue to be dis-
mal. The median survival of patients with gliomas is only 9–
12 months.(30) Glioblastomas are highly heterogeneous both
phenotypically and genotypically and are composed of several
types of differentiated and undifferentiated cells. Like neural

stem cells, poorly differentiated GICs have been shown to
possess the capacity of self-renewal and multilineage differen-
tiation and are thus able to fuel tumor growth. One therapeutic
strategy to specifically target the stem/progenitor-like cell pool
in a tumor involves forcing these cells to undergo differentia-
tion. In our previous study, we provided several lines of evi-
dence supporting a critical role for autophagy in maintaining a
tumorigenic, stem cell-like state.(10)

Autophagy is an evolutionarily highly conserved catabolic
pathway that degrades cellular macromolecules and organ-
elles.(31,32) Recent studies suggest that autophagy might be
important in the regulation of cancer development and progres-
sion and in determining the response of tumor cells to antican-
cer therapy. However, the role of autophagy in these processes
is complicated and may, depending on the circumstances, have
diametrically opposite consequences for the tumor. In addition
to its established roles in regulating nutrient supply and cell
death, autophagy also functions in cellular development and
differentiation. Accumulating evidence indicates that altera-
tions in autophagy could influence cell fate during mammalian
development and differentiation. Embryonic stem cells lacking
beclin 1 or Atg5 are defective in forming cavitated embryoid
bodies in vitro, due to the failure in clearing apoptotic cells.(6)

Autophagy is also a key cellular catabolic pathway that is also
used for multiple other functions carried out by cells of the
blood. This also includes their differentiation. Lack of autopha-
gic activity (as a consequence of defective Atg5 expression)
results in a differentiation block in the B cell lineage.(8) These

(A) (a) (b)

(c)

(e) (f)

(g) (h)

(d)

(B)

Fig. 5. Treatment with curcumin inhibits tumorigenicity of glioma-initiating cells. (A) Sections stained with H&E 5 weeks after tumor implanta-
tion in mice reveal the antitumor efficacy of curcumin. Tumors in untreated control mice contained pleiomorphic, neoplastic, and malignant,
infiltrating cells that had invaded the ventricular system (a,b,e,f). Curcumin-treated animals generated very small non-invasive tumors (c,d,g,h).
Magnification, 92 (a,c,e,g) and 910 (b,d,f,h). (B) Kaplan–Meier curves indicate that treatment with curcumin increased the survival of mice bear-
ing glioma-initiating cell intracranial xenografts. P < 0.05, untreated control versus curcumin.
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findings have given rise to the concept that autophagy might
regulate development by performing critical cellular remodel-
ing functions required for differentiation. Rather, the identifica-
tion of a subset of GBMs that has this particular differentiation
block will be of great utility for further understanding glioma
pathophysiology, glioma stem cell biology, and ultimately
design rationale for therapeutic strategies. Our previous results
suggest that autophagy plays an essential role in the regulation
of GIC self-renewal, differentiation, tumorigenic potential, and
radiosensitization, suggesting autophagy could be a promising
therapeutic target in a subset of GBMs.(10) Here, we report that
curcumin induced differentiation of GICs and inhibited glioma
growth. This is associated with the induction of autophagy.
Our data showed that curcumin induced autophagy in vitro and
in vivo. The basal activity of autophagy in the untreated GICs

was very low, which was consistent with our previous
study.(26,33) These results are interesting in the context of our
recent findings,(10) showing that autophagy can alter the differ-
entiation and tumor-initiating capacity of GICs.
Accumulating evidence shows that curcumin, a natural prod-

uct, has a potent anticancer effect on a variety of cancer cell
types, such as leukemia, breast cancer, prostate cancer, and
pancreatic cancer.(34,35) However, the efficacy of curcumin for
GICs is not yet fully determined. Here, we show that curcumin
activated autophagy and triggered the differentiation cascade
in GICs isolated from human GBMs. This was followed by a
reduction in self-renewal and clonogenic ability, and increased
expression of neural differentiation markers. Analysis of the
expression of differentiation markers by quantitative real-time
PCR revealed that GICs treated with curcumin expressed
higher (greater than fourfold) levels of Tuj1, GFAP, and Olig2
relative to untreated cells including EGF and FGF free-
cultured GICs. Moreover, addition of curcumin induced a pro-
differentiation effect of GICs as reflected by a threefold
increase of GFAP-positive cells and a concurrent reduction of
Nestin immunoreactivity in GIC-derived xenografts. Impor-
tantly, curcumin suppressed the tumorigenicity of GICs as
indicated by a strongly reduced tumor burden and increased
survival of GIC-carrying animals by inducing autophagy.
Therefore, both the maintenance of stem cell-like characteris-
tics in vitro and tumorigenic potential in vivo were dependent
on autophagy activity, further strengthening the notion that
“forced” differentiation and concomitant depletion of the GIC
pool can suppress brain tumor formation.(1,3,4) In the light of
these findings, autophagy-inducer proteins such as curcumin
might be promising targets for the treatment of GBM. The
overall function of curcumin probably depends on its cellular
context. Future investigations will provide further insights into
the cell type-specific role of autophagy and its implication in
stem cell maintenance and brain tumorigenesis.
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