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Abstract Temozolomide (TMZ) is widely used for treating
glioblastoma (GBM), which can effectively inhibit the GBM
growth for some months; however, it still could not prevent
the invariable recurrence of GBM. The existence of glioma
stem cells (GSCs) was considered to be a key factor. But TMZ
has poor effects on GSCs. Recently, demethoxycurcumin
(DMC) has been shown to display anti-tumor activities in
malignant gliomas. However, its effects and the potential
mechanisms on GSCs were still unclear. Our study showed
that DMC was prior to TMZ on resulting in a significant
increase in GSC apoptosis and a marked inhibition of cell
growth in vitro. And combined treatment of DMC and TMZ
showed more significant anti-GSC effects. Further research
into the underlying mechanism demonstrated that this novel
combinatorial regimen leads to changes of multiple cell sig-
naling pathways including reactive oxygen species (ROS)
production and caspase-3 signaling mitochondria-related ap-
optosis activation as well as inactivation of JAK/STAT3 sig-
naling pathway. Taken together, our data demonstrate that the
anti-GSC effects of DMC are better than TMZ, and combined
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treatment of DMC and TMZ has much stronger effects on
GSCs.
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Introduction

Glioblastoma (GBM) is the most malignant subtype of glio-
mas, which is aggressive, highly invasive, and neurologically
destructive. The first choice is normally treated by surgery,
followed by radiotherapy and chemotherapy. And the first-
line combined chemotherapy consists of the temozolomide
(TMZ). However, with a combination of surgery, chemother-
apy, and radiotherapy, the median survival duration of patients
with GBM was observed as only 2~5 years in a large random-
ized trial [1, 2].

TMZ is a 3-methyl derivative of mitozolomide that leads to
the formation of O°-methylguanine, which results in GBM
cell apoptosis, autophagy, and proliferation inhibition [3].
However, glioma stem cells (GSCs) were reported to be not
sensitive to TMZ, which could not effectively inhibit the pro-
liferation and induce apoptosis of GSCs [4]. Although GSCs
were only very small part cells in gliomas, they are crucial for
glioma malignancy and are responsible for the therapy resis-
tance and recurrence of GBM. GSCs have been demonstrated
to possess high proliferation activity and survivability and
present the characteristics with increasing neurosphere forma-
tion ability and tumorigenicity [5]. However, until now, there
are no effective drugs for the clinical treatment of GSCs. Pre-
vious research by us revealed that TMZ had poor effects on
the proliferation, invasion, and apoptosis of GSCs [6]. In con-
sidering glioblastoma cell TMZ resistance, we believe that
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seeking a break from GSCs may become a new direction for
the TMZ treatment resistance of GBM.

In the present study, we isolated GSCs from three primary
glioblastoma tissue cell cultures and found that demethoxy-
curcumin (DMC) might be a prospective drug for treating
GSCs. DMC, one of three major components in curcuminoids
including curcumin, DMC, and bisdemethoxycurcumin
(BDMC) [7], has been reported to have the most potent anti-
tumor activities on glioma cells among the three components
[8]. However, its function on GSCs was still unknown. In this
study, our data showed that DMC but not TMZ could effec-
tively inhibit the growth of GSCs and induce parts of GSC
apoptosis. Moreover, combined treatment of DMC and TMZ
effectively conquered drug resistance in GSCs in vitro and
induced more significant GSC apoptosis. Further research on
the mechanism showed that DMC functioned synergistically
with TMZ on cell proliferation inhibition and apoptosis ac-
companied by modulating multiple signaling pathways in-
cluding reactive oxygen species (ROS) production, caspase-
3 signaling mitochondria-related apoptosis activation as well
as inactivation of JAK/STAT3 signaling pathway.

Materials and methods
Primary glioblastoma cell cultures

Human glioblastoma tissues were obtained after informed
consent from adult patients diagnosed with WHO grade IV
glioma. Primary glioblastoma cell cultures were obtained after
mechanical dissociation according to the technique described
by Darling [9]. The cells were subcultured in 2 % fetal calf
serum (FCS) to prevent the growth of contaminating rodent
fibroblasts for 1 week before in vitro analyses, after which
cells were cultured in 10 % FCS and antibiotics. Glial origin
was confirmed by morphology and staining with the anti-glial
fibrillary acidic protein (GFAP) monoclonal antibody (mADb)
clone 6F2 (Dako, Glostrup, Denmark). All of the experiments
on these cells were performed before passage 5.

Magnetic cell separation of CD133-positive cells

Cells were dissociated and resuspended in phosphate-buffered
saline (PBS) containing 0.5 % bovine serum albumin and
2 mmol/l ethylenediaminetetraacetic acid (EDTA). CD133/1
MicroBeads (Miltenyi Biotech) were used for magnetic label-
ing. Positive magnetic cell separation (MACS) was performed
using a series of several MACS columns. Cells were stained
with CD133/2-PE (Miltenyi Biotech) and analyzed on a BD
FACSCalibur. Tumor cells converted to neurosphere cultures
were then grown in stem cell-permissive DMEM/F12 medium
supplemented with 20 ng/ml each of human recombinant epi-
dermal growth factor, human recombinant basic fibroblast
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growth factor (both from R and D Systems), and human leu-
kemia inhibitory factor (Chemicon), in addition to 2 % B27
(Life Technologies). These culture conditions enabled tumor
cells to retain the molecular characteristics of the primary tu-
mor, with only minor changes in differentiation, expression
pattern, and genetic mutation profile.

Cell growth assay

To assess the effects of TMZ and/or DMC on the growth of
CD133-positive GSCs, CD133-positive cells were plated at
5x10° cells per well in 96-well plates with six replicate wells
at the indicated concentrations of TMZ and/or DMC. At cer-
tain time points (12, 24, 36, 48, and 72 h, respectively) after
transfection, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay was performed to analyze the
cell proliferation as described previously [10].

Cell cycle analysis

CD133-positive cells treated with TMZ and/or DMC were
trypsinized and subsequently fixed with ice-cold ethanol
(70 %) for at least 1 h. After extensive washing, the cells were
suspended in Hank’s Balanced Salt Solution (HBSS) contain-
ing 50 pg/ml propidium iodide (PI) (Sigma-Aldrich) and
50 pg/ml of RNase A (Boehringer Mannheim, Indianapolis,
IN), incubated for 1 h at room temperature, and analyzed by
FACScan (Becton Dickinson, San Jose, CA). The cell cycle
was analyzed by ModFit LT software [11].

Annexin V/PI apoptosis assays

After 24 and 48 h treatment with TMZ and/or DMC, the
apoptosis ratio of CD133-positive cells was analyzed by
Annexin V/FITC and PI double stain assay via using Annexin
V FITC Apoptosis Detection Kit (BD Biosciences, San
Diego, CA) according to the manufacturer’s instructions.
Annexin V/FITC and propidium iodide double stain were
used to evaluate the percentages of apoptosis. Annexin V'~
and PI” cells were used as controls. Annexin V" and PI™ cells
were designated as apoptotic and Annexin V" and PI" cells
displayed as necrotic. Tests were repeated in triplicate [12].

Caspase-3 activity assay

The activity of caspase-3 was determined using the Caspase-3
activity kit (Beyotime Institute of Biotechnology, Haimen,
China). To evaluate the activity of caspase-3, cells were ho-
mogenized in 100 ml reaction buffer (1 % NP-40, 20 mM
Tris—HCI (pH 7.5), 137 mM Nad, and 10 % glycerol) contain-
ing 10 ml caspase-3 substrate (Ac-DEVD-pNA) (2 mM) after
all treatments. Lysates were incubated at 37 °C for 2 h.
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Samples were measured with an ELISA reader at an absor-
bance of 405 nm.

NF-kB transcription factor assay

After 24 and 48 h treatment with TMZ and/or DMC, the
NF-kB transcription factor was assessed by the NoShift 11
NF-kB transcription factor assay kit (NOvagen, USA) and
confocal microscopy [13].

Western blot analysis

To determine the levels of protein expression, soluble proteins
were isolated with a lysis buffer (137 mM NaCl, 15 mM
EGTA, 0.1 mM sodium orthovanadate, 15 mM MgCI2,
0.1 % Triton X-100, 25 mM MOPS, 100 pM
phenylmethylsulfonyl fluoride, and 20 uM leupeptin, adjust-
ed to pH 7.2). One-dimensional sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis was performed
with a corresponding gel concentration using the Laemmli
discontinuous buffer system (Bio-Rad Laboratories, Rich-
mond, CA). The electrophoresed proteins were transferred to
a polyvinylidene difluoride membrane and subjected to im-
munoblot analysis with antibodies for c-Myc, CDC25A, Bcl-
2, and Bel-xL (used at a 1/200 dilution, Santa Cruz Biotech-
nology). The reaction was detected with enhanced chemilu-
minescence (Amersham Life Science, Arlington Heights, IL).
The membranes were reblotted with a GAPDH antibody
(1/2000, Santa Cruz Biotechnology) after washing to verify
equal loading of the gel.

Quantification by ELISA detection

The Cell Apoptosis ELISA Detection Kit (Roche, Palo Alto,
CA) was used to detect histone-DNA in GSCs with different
treatments according to the manufacturer’s protocol. And the
PathScan® Phospho-Stat3 (Tyr705) Sandwich ELISA kit was
employed to detect p-STAT?3 (Cell Signaling Technology Inc.,
Danvers, MA) according to the manufacturer’s advice. Brief-
ly, after indicated treatments, cells were then lysed using ice-
cold lysis buffer and bound to immobilized first detection
antibody. Subsequently, the peroxidase-conjugated secondary
antibody was added to each well. After addition of substrate
for peroxidase, the spectrophotometric absorbance of the each
sample was determined at 405 nM for histone-DNA detection
and 450 nm for p-STAT3 detection.

ROS production detection

GSCs were loaded with 1 uM fluorescent dye dihydrorhodamine
for 2 h before treatment, which reacts with ROS in cells and
results in a change of fluorescence. After indicated treatments,
GSCs were suspended in PBS on ice and fixed by 70 % ethyl

alcohol in —20 °C. The changes in fluorescence were detected by
FACS analysis.

Statistical analysis

All tests were performed using SPSS Graduate Pack 11.0 sta-
tistical software (SPSS, Chicago, IL). Descriptive statistics,
including the mean and SE, in addition to one-way ANOVAs
were used to determine significant differences. P<0.05 was
considered statistically significant.

Results

DMC or combination treatment of DMC and TMZ
efficiently inhibits the proliferation of GSCs

Here, we first tested the effects of DMC and TMZ co-
administration on cell viability of GSCs. According to previ-
ous research by Gong et al., the GSC proliferation is minimal-
ly affected by low-dose TMZ [14]. Thus, to detect whether
DMC can sensitize TMZ on its anti-GSC effects, we chose
100 uM and 200 uM TMZ for GSC treatment. As shown in
Fig. 1a, low-dose TMZ as a single agent had minor effects on
cell growth of GSCs-1 and GSCs-2 and had no effects on
GSCs-3, which was conversely with a faint increase. Interest-
ingly, 50 or 100 uM DMC as a single agent showed amazing
anti-tumor effects on GSCs, which induced an inhibiting rate
of cell growth about 50.2 and 77.7 % at 72 h, respectively
(Fig. 1b). More interestingly, DMC plus TMZ caused more
obvious synergistic effects. In total, 50 and 100 uM DMC
inhibited GSCs-1 cell viability by about 53.1 and 79.3 % at
72 h, and 100 and 200 pM DMC inhibited cell viability by
about 7.1 and 1.7 %, whereas the combination of these two
caused a synergistic 73.1 % (50 uM DMC+100 pM TMZ),
70.3 % (50 uM DMC+200 uM TMZ), 93.3 % (100 uM
DMC+100 uM TMZ), and 95.3 % (100 uM DMC+
200 uM TMZ) loss of cell viability (Fig. 1c). The synergistic
effects of DMC and TMZ co-administration were also seen in
GSC lines, GSCs-2 and GSCs-3. These results suggest that
co-administration of DMC and TMZ has potent inhibitory
effects on cell proliferation of GSCs, especially the combined
treatment of 100 uM DMC and 100 or 200 uM TMZ which
almost totally inhibit the proliferation of GSCs.

Effects of DMC and TMZ treatment on the cell cycle
inhibition of GSCs

Cell growth and proliferation is dependent on their progres-
sion through the cell cycle including GSCs. Thus, the effects
of DMC and TMZ treatment on proliferation inhibition of
GSCs were always related with the change of cell cycle. In
most glioma cells, TMZ induced cell cycle arrest at G2/M.
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Fig. 1 Effects of co-administration of DMC and TMZ on cell
proliferation of GSCs. The cell lines 1, 2, and 3 of GSCs were treated
with an indicated concentration of TMZ (a), DMC (b), and co-

However, the combined effects of DMC and TMZ treatment
on GSC cell cycle were still unclear. To gain insights into the
mechanism of the anti-proliferative activity of co-
administration of DMC and TMZ, its effect on cell cycle dis-
tribution was determined via a flow cytometry assay. The cells
were harvested at the indicated time point and analyzed to
determine cell cycle distributions. As shown in Fig. 2a, a
48-h exposure of GSCs to 100 and 200 uM TMZ resulted in
no significant accumulation of cell cycle in GO/G1 or G2/M
phase, compared to the control groups (P>0.05). However,
DMC alone should have an obvious accumulation of cell cy-
cle in GO/G1 phase. It was also observed that there was an
increased percentage of sub-G1 phase form the concentration
of 50 to 100 uM DMC, which implied that DMC could induce
GSC apoptosis (Fig. 2b). Moreover, co-administration of
DMC and TMZ showed a more obviously significant increase
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administration (c). Cell viability was measured using MTT assay 24,
48, and 72 h after treatment as measured, and then the cell growth
inhibition rates were further calculated

in sub-G1 apoptotic fraction accompanied by significant in-
crease in GO/G1 phase, compared to either DMC or TMZ
treatment alone (Fig. 2¢).

Effects of DMC and TMZ treatment on the cell apoptosis
of GSCs

Above results demonstrated that co-administration of
DMC and TMZ significantly increased sub-G1 phrase
in GSCs, which implied that such combined effects could
induce GSC apoptosis. To determine whether DMC and/
or TMZ led to GSC apoptosis, three different apoptosis
assays were used including terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining,
histone-DNA ELISA, and Annexin V/PI [15]. All cell
lines of GSCs were exposed to 50 uM DMC and
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Fig. 2 Effects of DMC and TMZ on the cell cycle distribution of GSCs.
The percentage of distribution of total cells in sub-G0/G1, G0/G1, S, and
G2/M phase was analyzed by a flow cytometric assay at 100 and 200 pM

100 uM TMZ for 24 and 48 h. We demonstrated that
DMC but not TMZ could induce GSC apoptosis. Co-
administration of DMC and TMZ significantly increased
the cell apoptosis, compared to DMC or TMZ alone by
TUNEL staining and histone-DNA ELISA (Fig. 3a, b).
In Annexin V-PI staining detection, 100 uM TMZ alone-
treated cells showed no significant apoptotic cells, com-
pared to the control (P>0.05) (Fig. 3c). Apoptosis was
obviously induced by 50 uM DMC compared with that
in untreated controls and 100 uM TMZ group (P<0.05).
Apoptosis rate in respect to the control group were 24.53+
3.37 % (24 h) and 35.43+6.73 % (48 h) (P<0.05). Moreover,
when cells were treated with co-administration of DMC and
TMZ, the apoptosis effect was obviously increased, which
reached 37.90+6.17 % for 24 h and 49.93+5.31 % for 48 h.

TMZ (a) at 50 and 100 uM DMC (b) at co-administration of DMC and
TMZ (c) after 48 h

Collectively, these data suggested DMC and TMZ combined
treatment had notable effects on inducing GSC apoptosis.

Effects of DMC and TMZ treatment on reactive oxygen
species production and caspase-3 signaling cascade
activation

Sandur et al. reported that DMC could effectively inhib-
it the cell proliferation by increasing ROS production
[16]. Lee et al. found that DMC could enhance the
production of ROS, the release of mitochondrial cyto-
chrome ¢ (Cyt ¢), and the subsequent activation of cas-
pase-3, which resulted in human renal carcinoma [17].
Oliva et al. also showed that low ROS production and
tighter mitochondrial coupling are the important factors
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Fig. 3 Effects of DMC and TMZ on cell apoptosis of GSCs. GSCs were
either left untreated or treated with 50 uM DMC, 100 uM TMZ, or a
combination of both for 24 and 48 h, cell apoptosis was measured by

for the chemoresistance to TMZ in glioma [18]. Al-
though no reports until now which demonstrate that
TMZ or DMC has effects on the ROS production in
GSCs, we still speculate increased production of ROS
by DMC and TMZ are one of the key factors responsi-
ble for GSC apoptosis. In this study, we found that
TMZ enhanced DMC-induced ROS production in GSCs
(Fig. 4a). The antioxidant N-acetyl-L-cysteine (NAC)
could eliminate ROS effectively according to the con-
centration [19]. The following treatment with antioxi-
dant NAC, which blocked 50 uM DMC and 100 uM
TMZ co-administration-induced ROS production
(Fig. 4a), resulted in decreased cell growth inhibition
rate (Fig. 4b) and inhibited GSC apoptosis (Fig. 4c)
induced by DMC and TMZ combined treatment,
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DMC

T™Z DMC+TMZ DMC T™Z

Control

DMC+TMZ

TUNEL staining (a), histone-DNA ELISA assay (b), and Annexin
V/FITC-PI double stain assay (c)

suggesting that ROS production was important for
GSC apoptosis after the co-administration. Previous
study has shown that curcumin induces ROS production
to activate caspase-3 signaling cascade, leading to a
complex crosstalk between autophagy and apoptosis
[20]. We then analyzed the Cyt c release and caspase-
3 activation. As shown in Fig. 4, DMC was effective in
inducing the release of Cyt c¢ (Fig. 4d), and an increase
in caspase-3 activity (Fig. 4e) was observed after 12 h
treatment with DMC. The effect of TMZ alone on
caspase-3 activation was slight; however, it was dramat-
ically enhanced after combined treatment with DMC.
Importantly, Z-DEVDfmk (short for ZD), known as a
specific caspase-3 inhibitor, largely inhibited co-
administration-induced GSC proliferation inhibition
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Fig. 4 Eftects of DMC and TMZ
on ROS production, Cyt c release,
and caspase-3 activity in GSCs.
GSCs were treated for 6 and 12 h
with 50 uM DMC, 100 M TMZ,
a combination of both, or a
combination plus NAC. ROS
production is shown in (a). GSCs
were treated for 24 and 48 h with
a combination of 50 puM DMC
and 100 uM TMZ, or a
combination plus NAC. The cell
growth inhibition rate was
analyzed by MTT assay (b), and
the cell apoptosis was analyzed
by a fluorogenic assay (c). Then,
cells were treated for 12 h with
50 uM DMC, 100 uM TMZ, or a
combination of both. Expression
level of Cyt ¢ was measured and
quantified by Western blots (d).
Caspase-3 activity was analyzed
by a fluorogenic assay (e).
Finally, GSCs were treated for 24
and 48 h with a combination of
50 uM DMC and 100 uM TMZ,
or a combination plus Z-
DEVDfmk. The cell growth
inhibition rate was analyzed by
MTT assay (f), and the cell
apoptosis was analyzed by a
fluorogenic assay (g)
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(Fig. 4f) and apoptosis (Fig. 4g), suggesting that
caspase-3 activation and apoptosis might be critical for
the function of co-administration on GSCs. These data
suggest that ROS-dependent activation of caspase-3 is
involved in GSC apoptosis induced by DMC and
TMZ co-administration.

Effects of DMC and TMZ treatment on the JAK/STAT3
pathway inactivation

JAK-STAT3 signaling pathway is a common pathway
which plays important roles on cell proliferation, differ-
entiation, and apoptosis. Many STAT3 target genes in-
cluding c-Myc, CDC25A, Bcl-xL, and Bcl-2 are key
components for regulating cell cycle progression. Thus,
STAT3 activation is important to cell growth and

apoptosis [21]. In order to verify the involvement of
the JAK-STAT3 signaling pathway in GSCs, the expres-
sion of phosphorylated STAT3 (p-STAT3) was detected
by ELISA after 2 h treatment with DMC and TMZ. We
observed a dose-dependent reduction of p-STAT3 by
DMC, but slight effects were induced by TMZ. Expres-
sion of p-STAT3 levels, in respect to control groups,
declined to 31.33+£3.16 % after treatment with 50 uM
DMC and to 4.43+0.71 % after treatment with 100 uM
DMC (Fig. 5a). And the co-administration of DMC and
TMZ resulted in a more significant effect on the reduc-
tion of p-STAT3. Further, we examined the long-lasting
inhibition effects of co-administration of DMC and
TMZ on p-STAT3 of GSCs. As shown in Fig. 5b, p-
STAT3 levels remain low for up to 24 h in cells co-
treated with DMC and TMZ. To confirm the important
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Fig.5 Effects of DMC and TMZ on the phosphorylated STAT3 levels in
GSCs. a GSCs were treated with DMC (0, 50, and 100 uM) and TMZ (0,
100, and 200 uM) for 2 h, and then the p-STAT3 levels were determined
by ELISA. b GSCs were co-treated with DMC and TMZ for 2 h, and then
co-administration of DMC and TMZ were removed. The restoration of p-
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STAT3 levels in GSCs were determined by ELISA for 6, 12, and 24 h. ¢
GSCs were incubated with or without different concentrations of JSI-124
for 6 h. Then, the p-STAT3 levels were measured by ELISA. The cell
growth inhibition rate was analyzed by MTT assay (d), and the cell
apoptosis was analyzed by a fluorogenic assay (e)
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role of p-STAT3 in DMC- and TMZ-induced cell apo-
ptosis and proliferation inhibition, a novel selective in-
hibitor of p-STAT3 [22], Cucurbitacin I (JSI-124) pur-
chased from Sigma-Aldrich (St. Louis, MO), was used
to inhibit the p-STAT3 of GSCs for detecting effects of
p-STAT3 downregulation on the cell proliferation and
apoptosis of GSCs. Our results showed the phosphory-
lation of STAT3 could be almost completely inhibited
by the specific p-STAT3 inhibitor JSI-124 (10 uM)
(Fig. 5c). And downregulation of p-STAT3 induced ob-
vious cell proliferation inhibition (Fig. 5d) and apoptosis
increase (Fig. 5e). The results suggested that induction
of apoptosis and inhibition of JAK/STAT3 signaling
could be caused by co-administration of DMC and
TMZ in human GSCs; in another way, the effect of
TMZ on inhibition of JAK/STAT3 pathway is relatively
weak in GSCs, while the effect of DMC was obviously
superior to TMZ.

Effects of DMC and TMZ treatment on the downstream
consequences of STAT3 proteins

The downstream consequences of STAT3 proteins in-
cluding c-Myc, CDC25A, Bcl-xL, and Bcl-2 in GSCs
were further determined by Western blotting after 24-h
exposure to 50 puM DMC and 100 uM TMZ. Ji et al.
reported that the activated STATs could effectively stim-
ulate transcription of c-Myc and CDC25A genes result-
ed in activating G1 to S cell cycle progression [23]. As
shown in Fig. 6a, our data showed that reduced expres-
sion of c-Myc and CDC25A was observed after 24 h of
DMC (50 or 100 uM) or co-administration of DMC (50
or 100 uM) and TMZ (100 or 200 puM) treatment;
however, no effects were observed when GSCs were
given TMZ treatment alone (Fig. 6b).

Bcl-2 and Bel-xL, blocking cell death and enhancing
cell survival by inhibiting apoptosis, are two important
proteins of the Bcl-2 family [24]. The high expression
of Bcl-2 and Bcl-xL proteins contributed to the resis-
tance of anticancer therapy on GBM [25]. To confirm
that the effects of DMC and TMZ on the alterations of
Bcl-2 and Bcel-xL expression, Western blot assay was
used to measure the levels of Bcl-2 and Bcel-xL. In this
study, we observed that there was a clear reduction in
Bcl-2 and Becel-xL levels after DMC treatment alone.
The expression of Bcl-2 protein decreased 47 % vs.
control group after 50 pM DMC treatment and 73 %
vs. control group after 100 uM DMC treatment; while
the expression of Bcl-xL protein decreased 57 % vs.
control group after 50 pM DMC treatment and 77 %
vs. control group in 100 puM DMC (Fig. 6¢). Compared
to control cells, a slight decrease in Bcl-xL expression
(17 and 13 %) but not obvious Bcl-2 expression was

also observed in GSCs exposed to TMZ (100 and
200 uM) alone (Fig. 6d). Moreover, co-administration
of DMC and TMZ induced a more significant decrease
on Bcl-2 and Bel-xL expression, compared to DMC or
TMZ treatment alone (Fig. 6e). The results clearly
showed the involvement of the STAT3 pathway in the growth
inhibition and apoptosis of GSCs by co-administration of
DMC and TMZ.

Discussion

Until now, glioblastomas are incurable malignant tumors. The
existence of a few GSCs in glioblastomas may be the impor-
tant factor for difficult cure and recurrence. TMZ has been
used as the first-line drugs in the clinic treatment for glioblas-
tomas. However, it has been identified to have poor effects on
GSCs. Therefore, there is an urgent need to enhance the
chemosensitivity of TMZ on GSCs, which may result in
prolonging the survival time for patients. In this study, we first
reported that co-administration of DMC and TMZ had a stron-
ger synergistic anti-tumor effect on GSCs, and in fact, DMC
showed much stronger anti-GSC effects than TMZ in vitro.
Previous research has shown that DMC has anti-
tumor activities in a variety of tumors. Shieh et al. re-
ported that DMC has potent effects against breast can-
cers and greatly reduces the survival of triple-negative
breast cancer cells [26]. Ni et al. found that when pros-
tate cancer cells were treated with DMC, all the tumor
characteristics including cell proliferation, migration,
and invasion were effectively inhibited [27]. Hsu et al.
pointed out that DMC could induce colon cancer cell
apoptosis [28]. Huang et al. reported that DMC could
effectively inhibit the cell growth and induce apoptosis
of GBM 8401 cells [13]. Luthra et al. showed that
DMC could induce Bcl-2 mediated G2/M arrest and
apoptosis of GBM U887 cells [8]. However, until now,
the function and mechanisms of DMC on GSCs are still
unknown. In this study, our data showed that DMC
could efficiently inhibit the cell growth and induce cell
apoptosis in GSCs in vitro. And we identified that its
effects on GSCs were more obvious than TMZ in vitro.
In contrast, TMZ alone showed poor anti-tumor effects
on GSCs, which almost had no effects on GSC prolif-
eration and apoptosis. However, co-administration of
DMC and TMZ demonstrated a stronger synergistic
anti-tumor effect on GSCs, resulting in more obvious
cell proliferation inhibition and increased apoptosis.
Cell cycle control plays a critical role on the regulation
of tumor cell proliferation. Many cytotoxic agents arrest
cell cycle at the GO/G1 or G2/M phase [29]. In the present
study, our data from flow cytometry analysis showed ei-
ther 50 or 100 puM DMC could induce a significant G0/
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G1 phase arrest, while 100 or 200 puM TMZ resulted in
slight effects on cell cycle phase of GSCs. Further, we
found that co-administration of DMC and TMZ-induced
apoptosis was correlated with an increased production of
ROS, the enhanced activity of caspase-3, and the over-
activated JNK signaling. ROS has been implicated in di-
verse processes of various cancers, and generally the in-
crease of ROS plays a crucial role in cell growth and
apoptosis of cancer. Moreover, ROS has been considered
as the most significant mutagens in stem cells, whose
accumulation blocked self-renewal [30]. Recently, Lee
et al. studies have demonstrated that induction of apopto-
sis by DMC in human renal carcinoma Caki cells was
through ROS production [17]. Here, we identified DMC
could also increase ROS production in GSCs. Previous
research by Jiang et al. showed TMZ could remarkably
increase ROS production to trigger a robust increase in
cell apoptosis of glioblastoma cells [31]. In this study,
no such obvious effects were observed by TMZ on GSCs.
However, co-administration of DMC and TMZ induced
more ROS production than either DMC or TMZ treatment
alone, which implied that DMC and TMZ had a synergis-
tic effect on ROS production in GSCs. Excessive produc-
tion of ROS leads to oxidative stress. Several signaling
pathways enhanced by oxidative stress are suggested to
have important roles in the self-renewal ability of stem or
cancer stem cells. It is now well established that the mi-
tochondria signaling pathway plays a prominent role in
apoptosis and increasing evidence supports that apoptosis
and autophagy are physiological phenomena closely
linked with oxidative stress [30]. ROS production leads
to the release of the pro-apoptotic molecule Cyt ¢ from
the mitochondrial membrane results in an increased level
of Cyt ¢ in the cytoplasm and nucleus, which, in turn,
triggers the effector caspase-3 [32]. Here, we used an
antioxidant agent, NAC, to block the ROS production,
and Cyt c release, which rescued GSCs from co-
administration-induced cell apoptosis. Therefore, co-
administration of DMC and TMZ-induced apoptosis
was, at least in part, mediated through ROS-dependent
activation of caspase-3.

JAK-STAT3 pathway is one of the key factors regu-
lating the mitochondrial apoptosis pathway. JAKs could
directly activate STAT3 by phosphorylation, which fur-
ther regulate the genes involved in cell proliferation, dif-
ferentiation, and apoptosis [33, 34]. In gliomas, Dauer
et al. reported that the increased of the degree of malig-
nancy is often accompanied by STAT3 activation [35].
Suppression of STAT3 activation could effectively inhibit
the proliferation and induce apoptosis of glioma cells
[36], while in contrast to tumor cells, normal cells are
rarely affected by the STAT3 inactivation [37]. To date,
there are no reports available on the role of JAK-STAT3
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signaling pathway in DMC-induced apoptosis in GSCs.
In this study, we demonstrate that when GSCs were ex-
posed to 50 uM DMC for 12 and 24 h, the p-STAT3
expression began to significantly decline. And 100 uM
TMZ alone did not affect the activation of STAT3; how-
ever, co-administration of DMC and TMZ showed a
stronger inhibitory effect on p-STAT3 expression.

Downstream proteins of STAT3 have been shown to
regulate proliferation and apoptosis in glioma cells. For
example, c-Myc and cyclin D1 have been shown to
mediate transcription of cell cycle [23], while Bel-xL
and Bcl-2 have been shown to suppress apoptosis
[29]. c-Myc has been identified to play an important
role in regulating the cell proliferation and survival of
GSCs. Knockdown of c-Myc in GSCs reduced cell pro-
liferation and increased cell apoptosis, while non-GSCs
displayed limited dependence on c-Myc expression for
survival and proliferation [38]. CDC25A is one of the
cell cycle-regulated proteins, which controls cell cycle
entry into the S phase. Activation of endogenous
CDC25A occurs during the late G1 phase and increases
in the S and G2 phases. Knockdown of CDC25A in-
duced cell cycle arrest at GO/G1 phase [11]. The ex-
pression of Bcl-2 and Bcl-xL proteins is required for
the maintenance of GSCs, knockdown of which effec-
tively inhibited cell proliferation and induced apoptosis
of GSCs [39]. Because of the fact that STAT3-
downregulating genes are all critically involved in the
development of GSC aggressiveness, we further identi-
fied the expression of c-Myc, CDC25A, Bcl-xL, and
Bcl-2 following 24-h exposure to GSCs with co-
administration of DMC and TMZ. Here, our results
demonstrated that co-administration-induced effects on
GSCs derived from human patients were correlated with
a decreased expression of c-Myc, CDC25A, Bcl-xL, and
Bcl-2. These data suggest that the JAK-STAT3 pathway
plays an important role in co-administration of DMC
and TMZ-induced apoptosis in GSCs.

In summary, we have investigated the anti-GSC effi-
cacy of co-administration of DMC and TMZ, which
inhibited GSC growth and induced apoptosis by targeting
multiple signaling pathways. Co-administration of DMC
and TMZ shows substantial promise for further develop-
ment as a potential agent for treating GSCs.

Fig. 6 Effects of DMC and TMZ on the STAT3 downstream proteins. P>
GSCs were treated with DMC (50 or 100 uM) or co-administration of
DMC (50 or 100 uM) and TMZ (100 or 200 uM) (a) or TMZ (100 or
200 uM) (b) for 24 h, and then the expression of cell cycle regulating c-
Myc and CDC25A was analyzed by Western blot. And the following
alterations of Bcl-2 and Bel-xL expression were also analyzed by Western
blot after treated with DMC (50 or 100 uM) (¢), TMZ (100 or 200 uM)
(d), and co-administration of DMC and TMZ (e)
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