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ABSTRACT

Glioma stem cells (GSCs) play an important role in glioblastoma resistance to conventional therapies and
disease recurrence. Here, we assessed the therapeutic effect of a demethoxycurcumin analogue, DMC-BH, on
GSCs, and investigated the underlying mechanisms. Our in vitro data demonstrate that DMC-BH inhibits GSC
proliferation, and induces apoptosis and autophagy in GSCs. In addition, our results show that DMC-BH
effectively crosses the blood-brain barrier to inhibit the growth of intracranial GSC tumors in vivo. DMC-BH
significantly increased phosphorylation levels of JNK, ERK and c-Jun in GSCs. Inhibition of JNK and ERK activities
reversed the pro-apoptotic effect of DMC-BH in GSCs, indicating that the DMC-BH-induced apoptosis in GSCs is
mediated via the JNK/ERK signaling pathway. These results suggest that DMC-BH could potentially serve as a

effective therapy against GSCs that acts by targeting the JNK/ERK signaling pathway.

INTRODUCTION

Glioma is a common primary brain tumor, accounting for
about 45% of all intracranial tumors [1]. Glioblastoma
(GBM) is the most aggressive form of brain tumor, with
average survival time about 14.6 months [2]. Glioma
treatment protocols include surgery, postoperative
radiotherapy, and chemotherapy. However, gliomas, and
especially  glioblastomas frequently relapse; the
recurrence rate of glioblastoma is almost 100%. The high
recurrence rate of gliomas is associated with the rapid
proliferation and invasive growth of glioma cells. Glioma
stem cells (GSCs) represent a subpopulation of cells in
glioma that have biological characteristics similar to
neural stem cells, such as differentiation into neurons,
expression of nestin, CD133, and other neural stem cell
surface markers [3]. Recent studies have suggested that
many established glioma cell lines including U87, U251,
GL261, SHG-44, and CHG-5 also have a small number

of stem cells [4]. Although GSCs account for only a
small proportion of glioma cells, they can proliferate,
self-renew, and differentiate, and play a decisive role in
the growth and recurrence of glioma. The present
treatments of glioma cannot effectively kill GSCs,
resulting in the high rates of glioma recurrence.
Understanding the mechanisms that regulate GSCs
development, survival, and proliferation is crucial
for development of therapies to reduce the glioma
recurrence.

We have previously found that demethoxycurcumin
(DMC), an active compound from the rhizome of
Curcuma longa, inhibits the GSC growth and induces
apoptosis both in vitro and in vivo [5]. However, DMC
has an obvious disadvantage, since it cannot effectively
promote its anti-tumor effects through the blood-brain
barrier [6]. After optimizing the structure of DMC, we
have found an analogue of DMC, named DMC-BH,
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which can efficiently pass through the blood-brain
barrier, and exhibits potent inhibitory effects in
orthotopic glioblastomas. However, its function in
GSCs is unknown. In this study, our data demonstrate
that like DMC, DMC-BH can effectively inhibit GSCs
proliferation and induce apoptosis; however, DMC-BH
can also inhibit the growth of orthotopic glioblastomas.
Mitogen-activated protein kinases (MAPKS) are a group
of conserved serine/threonine protein kinases, including
ERK, JNK, and p38 [7]. MAPKs regulate many
biological activities, such as inflammation, apoptosis,
tumorigenesis, and metastasis [8]. The most widely
studied is the ERK1/ERK2 (p42/p44) kinase, which is
phosphorylated and activated by MEK1 [9]. Several
studies have shown that ERK1/2 activity is increased in
gliomas and GSCs [10], and that inhibition of ERK
signaling inhibits glioma progression [11]. However, in
other studies, inhibition of ERK signaling had the
opposite effect. For example, Wang et al. found that
Temozolomide (TMZ) inhibited glioma growth by
inhibiting the ERK signaling, while curcumin activated
the MAPKS/ERK pathway and attenuated the inhibitory
effects of TMZ [12]. In human monocytic leukemia
THP-1 cells, activation of ERK and JNK signaling
played a key role in curcumin-induced apoptosis [13].
JNK, an important member of MAPKS, is activated
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during apoptosis of glioma cells induced by various
substances [14, 15].

In this study, we analyzed the function of DMC-BH in
regulating proliferation, apoptosis, and autophagy of
GSCs in vitro, and in intracranial orthotopic tumor
xenografts in vivo. Our data demonstrate that DMC-BH
has a significant antitumor activity in GSCs, and that it
induces GSC apoptosis by activating the JNK/ERK
pathway.

RESULTS

DMC-BH inhibits induces

apoptosis in GSCs

proliferation and

To investigate whether DMC-BH (Figure 1A) inhibits
proliferation of GSCs, we analyzed in vitro growth of
U87 and SHG44 GSCs incubated with DMC-BH for 24
and 48 h, using MTT assay. As shown in Figure 1B, 1C,
DMC-BH significantly inhibited GSCs cell proliferation
in a dose- and time dependent manner.

To determine whether the DMC-BH-mediated inhibition
of GSCs proliferation was associated with increase-
edapoptosis, we analyzed apoptosis using TUNEL
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Figure 1. DMC-BH inhibits proliferation of GSCs. (A) Chemical structures of DMC-BH and DMC. (B, C) Effect of DMC-BH on proliferation

of U87 and SHG44 cells in vitro; n =3.
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staining assay and Annexin V-FITC/PI double staining in
U87 and SHG44 GSCs. As shown in Figure 2A, DMC-
BH significantly increased the number of TUNEL
positive cells. Further, using the Annexin assay, DMC-
BH significantly increased the apoptotic rates in U87
(21.37% +6.11) and SHG44 (27.10% =+4.00) GSCs
(Figure 2B). Western blot results demonstrated that
cleaved caspase-3, the crucial apoptosis executor, was
increased after 24 h DMC-BH exposure (Figure 2C).
Furthermore, cleaved PARP (poly (ADP-ribose)
polymerase), the substrate of caspase-3, was significantly
increased in GSCs after DMC-BH exposure. In addition,
expression of the anti-apoptotic protein Bcl-2 decreased
in GSCs after DMC-BH exposure. The increased levels
of cleaved caspase-3 and PARP were associated with
significantly increased activities of caspase-8, -3, and -9
after DMC-BH exposure in GSCs (P<0.05)(Figure 2D).

Our results showed that 100 uM DMC-BH time-
dependently decreased the mitochondrial transmembrane
potential (MTP) in GSCs (Figure 2E). In addition, as
shown in Figure 2F, ROS production increased after 100
uM DMC-BH treatment in U87 and SHG44 GSCs. To
determine whether the DMC-BH-induced apoptosis was
caspase-dependent, we used the pan-caspase inhibitor z-
VAD-fmk. Our data showed that z-VAD-fmk could
partially rescue the DMC-BH-induced apoptosis (Figure
2G), and reduce the DMC-BH-induced activation of
caspase-3 in GSCs (Figure 2F). These results indicate
that DMC-BH induces apoptosis in GSCs by the
mitochondria dependent pathway.

DMC-BH induces cell cycle arrest in GSCs

Next, we evaluated the effect of DMC-BH on cell cycle
arrest of U87 and SHG44 GSCs. As shown in Figure 3A,
increasing concentrations of DMC-BH dose-dependently
increased the number of U87 and SHG44 cells in
the G2/M phase. In addition, western blot analysis
demonstrated that DMC-BH dose-dependently decreased
the levels of cell cycle related proteins Cdc2 and Cyclin
B1 in U87 and SHG44 cells (Figure 3B). Together, these
results indicate that DMC-BH induces the G2/M cell
cycle arrest in GSCs.

DMC-BH-induced apoptosis in GSCs is mediated by
JNK/ERK signaling

To examine which signaling pathway is activated in
GSCs by DMC-BH, we used the Proteome Profiler
Human Phospho-Kinase Array assay in U87 and
SHG44 cells exposed to 20 and 100 uM DMC-BH for
6 h. As shown in Figure 4A, DMC-BH significantly
increased phosphorylation levels of JNK, ERK and c-
Jun in GSCs. The increased phosphorylation levels of p-
Jun and p-ERK in DMC-BH-treated GSCs were also

confirmed by western blotting (Figure 4B). In addition,
DMC-BH increased the phosphorylation levels of
JNK/ERK downstream proteins c-Jun and JunB in
GSCs, indicating that DMC-BH activates the MAPK
pathway in GSCs.

To determine whether activation of JNK and ERK
regulates the DMC-BH-induced apoptosis in GSCs, we
used the pharmacological inhibitors of INK (SP600125)
and ERK (U0126). As shown in Figure 4C, DMC-BH
significantly increased the activities of caspases-3/7 in
GSCs; however, their activation was sharply inhibited
by SP600125 and UO0126 treatment. Moreover,
inhibition of JNK by SP600125 or ERK by U0126
resulted in reduced phosphorylation levels of p-JINK, p-
ERK, p-c-Jun, and p-JunB (Figure 4D). Together, these
results indicate that the DMC-BH-induced apoptosis in
GSCs is mediated by the INK/ERK signaling pathway.

DMC-BH induces autophagy in GSCs

Autophagy, also known as type Il programmed cell
death, is a process by which cells degrade damaged
organelles and macromolecules by lysosomes under the
control of autophagy-related genes (Atg) [12]. Previous
studies have shown that curcumin induces autophagy in
GBM cells [13]. Considering that DMC-BH is a
derivative of curcumin, we tested whether it induces
autophagy in GSCs. As shown in Figure 5A,
autophagosomes were clearly detectable by transmission
electron microscopy in DMC-BH-exposed GSCs.
Furthermore, DMC-BH increased the level of autophagy
related protein LC3-1l, but decreased the level of
SQSTML1 in GSCs (Figure 5B). To confirm the effect of
DMC-BH on autophagy in GSCs, GSCs viability was
examined in the presence of autophagy inhibitor, 3-MA
[14]. As shown in Figure 5C, 3-MA increased the levels
of SQSTML, but decreased the levels of LC3-11 in DMC-
BH-treated GSCs. As expected, inhibition of autophagy
by 3-MA exacerbated the GSCs death (Figure 5D). In
addition, the level of cleaved caspase-3 was increased in
GSCs treated with DMC-BH and 3-MA compared to
DMC-BH-treated GSCs (Figure 5E). Considering that
autophagy is a double-edged sword in carcinogenesis,
these data suggest that inhibition of autophagy drives
DMC-BH-exposed GSCs toward apoptosis. Conversely,
when apoptosis was blocked with the pan-caspase
inhibitor z-VAD-fmk, autophagy was still observed
under TEM, and U87 and SHG44 GSCs had increased
LC3-Il protein levels compared to GSCs treated with
DMC-BH alone (P<0.05) (Figure 5F).

Acute toxicity of DMC-BH in mice

To evaluate the in vivo safety of DMC-BH, groups of
ICR mice were injected intraperitoneally with a single
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Figure 2. DMC-BH induces apoptosis in GSCs. (A) Morphological changes associated with apoptotic cell death analyzed by TUNEL
staining. Red nuclear staining indicates apoptosis, while blue staining suggests normal nuclei. (B) Apoptosis analyzed using Annexin V-FITC/PI-
staining flow cytometry. (C) Western analysis of apoptosis-related proteins caspase-3, PARP, and Bcl-2. (D) Caspase-3, -8 and -9 activity
measured by ELISA. (E) JC-1 positive cells analyzed by flow cytometry. (F) Intracellular ROS generation induced by 100 pM DMC-BH analyzed
using DCFH-DA (10 puM) and flow cytometry. (G) Apoptosis of cells treated with DMC-BH and/or z-VAD-fmk for 24 h, analyzed by flow
cytometry. (H) Caspase-3 activity measured using the substrate peptide Ac-DEVD-pNA; n =3.
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dose of DMC-BH at 80, 64, 51.2, 40.96, and 32.77
mg/kg, or a vehicle control. As shown in Table 1, DMC-
BH exhibited a somewhat increased acute toxicity in
ICR mice; the calculated LD50 value was 48.0628
mg/kg. Thus, we selected a half dose of LD50 (20 mg/kg
DMC-BH) for further experiments. No nude mice died
under 20 mg/kg DMC-BH, indicating that 20 mg/kg
DMC-BH was safe in nude mice.

DMC-BH inhibits GSCs intracranial orthotopic
growth

In order to analyze the effectiveness of DMC-BH to
inhibit GSCs intracranial growth, we performed
intracranial orthotopic transplantation of tumor U87-luc
and SHG44-luc GSCs xenografts. The mouse brain
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tumors were visualized by Bioluminescent Imaging
(BLI) acquisition. As shown in Figure 6A, DMC-BH
significantly inhibited the growth of GSCs in
intracranial tumors compared with control PBS. BLI
analysis of the intracranial tumors showed that the
average tumor volume in DMC-BH-treated group was
smaller than in PBS-treated group (Figure 6B). Further,
immunohistochemical results demonstrated that DMC-
BH treatment decreased expression of the glioma
related proliferation marker Ki67 in GSCs xenografts
(Figure 6C), and increased the number of TUNEL
positive cells (Figure 6D). Western blot analysis
showed that the levels of c-caspase-3, LC3-Il, p62, p-
ERK and p-JNK in DMC-BH-treated group markedly
increased compared to the levels in PBS group (Figure
6E). No significant differences in body weight and
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Figure 3. DMC-BH induces cell cycle arrest in GSCs. (A) PI flow cytometry analysis of DMC-BH-treated GSCs. (B) Western analysis of

Cdc2 and cyclin B1 in DMC-BH-treated GSCs; n =3.
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mortality were observed between DMC-BH and PBS-
treated groups (P>0.05) (Figure 6F). These results
demonstrate that DMC-BH inhibits the in vivo growth
of GSCs intracranial orthotopic tumor xenografts.

DISCUSSION

GBM is the most aggressive brain tumor characterized
by fast progression and poor prognosis [16]. There are
currently no effective treatments for GBM. Stem cells

>

Us7 GSCs U87 GSCs

SHG44 GSCs

SHG44 GSCs

LC3-1
b LC3-nn

SQSTM1

U87 GSCs

B-actin

DMC-BH(100p M) —>

61 us7 GSCs  ** B3 ohr

4

Relative proteins expression

LC3-Il SQSTM1

present in GBM are insensitive to radiotherapy and
chemotherapy, and likely contribute to GBM treatment
failure [17]. Although many new targets and novel
drugs, such as anti-PD-1/PD-L1 therapy [18] and
Bevacizumab [19] have emerged in recent years, the
long-term effects for GBM patients are insignificant.
Although previous studies have shown that demetho-
xycurcumin (DMC) can effectively inhibit glioma cell
proliferation, it cannot effectively inhibitthe growth of in
situ intracranial tumors due to its inability

Control —

DMC-BH(20p M) —»

0 6 12 24 hr

0 LC3I
——— ] O3]

” . -,* SQSTMI1

- i

DMC-BH (204 M) —>

SHG44 GSCs

15+

w

SHG44 GSCs E3 ohr
E3 6hr

Relative proteins expression

WWwWw.aging-us.com 14726

AGING



o]

LC3 LC3H
» e — a — . 3
o a
@ ]
2 W — - SQSTMI1 I e S SQSTM1
< Q
= I
»
———— (i1 R S . .- i
- + = 4 DMC-BH(100pM) - 4+ — 4 DMC-BH(z0pM)
- - 4+ 4+ 3MA - -  + o+ 3mA

5 5 —2
— E@ Blank E@ Blank
4 B3 DMC-BH 4 E23 OMC-BH
B= 3-MA = 3-MA

@@ DMC-BH+3-MA [0 DMC-BH+3-MA

Relative proteins expression
Relative proteins expression

w)

15787 Gscs

-
o

e
o

Cell viability {100%)
Cell viability (100%)

e
o

— e M C-caspase-3

- . - c-caspase-3

U87 GSCs

S S . ctin A S . . octin

SHG44 GSCs

- + - +  DMC-BH(100p M) = + - +  DMC-BH(20p M)
- - + + 3MA - - + +  3MA

SHG44 GSCs **
[ |

Fold of c-caspase-3
Fold of c-caspase-3

-+ U87 GSCs -+ SHG44 GSCs

E3 DMC-BH
E3 DMC-BH+z-VAD-fmk
*

U87 SHG44
— | E—

LC3-1
—— ——

prm———— I

Relative proteins expression
-
o

+ + + + DMC-BH
- + - 4+ zVADfmk ] U87 GSCs SHG44 GSCs

Figure 5. DMC-BH induces autophagy in GSCs. (A) Representative images of autophagosome formation in DMC-BH-treated U87 and
SHG44 GSCs detected by TEM. (B) Levels of autophagy related proteins SQSTM1 and LC3 Il measured in DMC-BH treated GSCs by western
blotting. (C) SQSTM1 and LC3 Il protein levels analyzed in DMC-BH treated GSCs in the presence of the autophagy inhibitor, 3-MA (1 mM; 3h)
by western blotting. (D) Cell viability analyzed by MTT assay. (E) Western analysis of cleaved caspase-3 analyzed in GSCs incubated with DMC-
BH +/- 3-MA by western blotting. (F) Western analysis of LC3 Il protein levels in GSCs incubated with DMC-BH (100 uM and 20 uM) and/or z-
VAD-fmk for 24 h; n =3.

WWww.aging-us.com 14727 AGING



Table 1. Acute toxicity of DMC-BH in mice.

Group Dose (mg/kg)  No. of mice No. of dead mice ~ Mortality (%)  Dose logarithm E;?E?IE |I+|t5y)
1 80 10 9 90.0 1.903 6.280
2 64 10 7 70.0 1.806 5.520
3 51.2 10 5 50.0 1.709 5.000
4 40.96 10 4 40.0 1.612 4.750
5 32.77 10 2 20.0 1.515 4.160

LD50 =48.0628 mg/kg (43.6668~52.9014).

to pass through the blood-brain barrier [6].
Temozolomide (TMZ), a first-line clinical drug for
gliomas, can effectively cross the blood-brain barrier;
however, it has a little inhibitory effect on glioma stem
cells [20].

In this study, we have investigated the effect of DMC
analogue, DMC-BH, on U87 and SHG44 GSCs in vitro,
and on the growth of orthotopic xenograft tumors in
vivo. Our results show that DMC-BH has potent
anticancer effects against GSCs in vitro, and can
effectively cross the blood-brain barrier to inhibit the
growth of intracranial tumors in vivo. Our previous
studies have shown that although DMC can inhibit
subcutaneous tumors in nude mice, it has a little effect
on intracranial orthotopic tumors, indicating that DMC
cannot effectively pass through the blood-brain barrier
[6]. Our current results demonstrate that DMC-BH is
superior to DMC in glioma treatment, since it can cross
the blood-brain barrier.

Our in vitro data showed that caspases were upregulated
in DMC-BH-exposed GSCs, indicating that DMC-BH
induces apoptosis of GSCs. This is supported by the
previously described effect on upstream apoptotic
proteins of Bcl-2 family and PARP [21]. Consistently,
we observed the decreased Bcl-2 and increased cleaved
PARP levels in U87 and SHG44 GSCs after DMC-BH
treatment. The DMC-BH-induced apoptosis could
partially be blocked by z-VAD-fmk, a caspase inhibitor.
These data suggest that activation of caspase signaling
is involved in DMC-BH-induced apoptosis of GSCs,
although other apoptotic pathways may also be
involved. Moreover, cell proliferation is often regulated
through cell cycle [22]. Our results showed that DMC-
BH induced G2/M phase cell cycle arrest in GSCs; this
is consistent with a previous study demonstrating that
DMC triggered G2/M cell cycle arrest in U887 MG
glioma cells [23]. In addition, the DMC-BH induced
cell cycle arrest was confirmed by the decreased
expression of cell cycle related proteins Cdc2 and cyclin
B1 in DMC-BH-exposed GSCs.

Autophagic cell death is another form of cell death,
which is a programmed cell death that is different from
apoptosis, and independent of caspases. Changes in
autophagy activity have been associated with the
development of several malignant tumors including
gliomas [24]. Anti-apoptotic activity is an important
cause of glioma resistance [25]. Studies have shown that
autophagic cell death is an important step to overcome
the apoptotic resistance [26]. Kanzawa et al. showed that
TMZ induced autophagy and drug resistance in glioma
cells; however, when combined with autophagy inhibitor
bafiiomycin A1, the cells turned to apoptosis [27]. Yan et
al. found that targeting autophagy sensitized glioma to
TMZ treatment [28]. Both TMZ and curcumin inhibit
glioblastoma growth; however, no synergy between
curcumin and TMZ was found in inhibiting glioblastoma
growth due to the induced autophagy [29], suggesting
that autophagy blocked the apoptosis response. Electron
microscopy is the only gold standard for detecting
autophagy. Using transmission electron microscopy, our
data demonstrated that DMC-BH induced autophagy in
GSCs. LC3 protein, which is an important marker of
autophagy, has two types, LC3-1 and LC3-1I; the LC3-1/I1
ratio reflects the autophagy activity of cells [30].
SQSTM1 (p62) is a ubiquitin binding protein involved in
signal transduction, oxidative stress, and autophagy; it
binds to autophage membrane protein LC3/Atg8 and
transports protein polymers to the autophage [31]. Our
western blot analysis demonstrated decreased SQSTM1
levels and increased LC3 Il levels in DMC-BH-exposed
GSCs. In addition, after blocking autophagy by 3-MA,
DMC-BH-treated GSCs exhibited increased apoptosis
and decreased viability, indicating that autophagy
protects GSCs from DMC-BH-induced apoptosis.

Using Proteome Profiler Human Phospho-Kinase Array,
our data showed abnormally elevated levels of p-JNK
and p-ERK in GSCs after DMC-BH treatment,
suggesting that DMC-BH might increase GSC apoptosis
by activating ERK and JNK, which are involved in
MAPKSs signaling. MAPK is a family of important
signal transducers; it consists of ERK, p38, JNK and
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ERKS5 [32]. Our western analysis confirmed that DMC-
BH increased the phosphorylation levels of ERK, JNK,
c-Jun, and JunB in GSCs. JNK signal transduction
pathway is an important branch of MAPK pathway,
which induces apoptosis. Curcumin was shown to
suppress retinoblastoma cell growth by regulating the
JNK signaling [33]. In addition, increased activity of
ERK1/2 has been associated with many human cancers,
having both pro-apoptotic [34] and anti-apoptotic [35]
functions. Our results showed that DMC-BH induced
activation of ERK in GSCs, and that JNK and ERK
inhibitors suppressed the DMC-BH-induced caspases-
3/7 signaling, indicating that DMC-BH-induces
apoptosis in GSCs by activating the ERK/INK path-
way.

In summary, our study shows that DMC-BH effectively
inhibits proliferation of GSCs, and induces their apoptosis
and autophagy. In addition, our data demonstrate that
DMC-BH inhibits the growth of intracranial GSC tumors
in vivo, indicating that it can cross the blood-brain
barrier. The underlying mechanism of how DMC-BH
inhibits proliferation and tumor growth of GSCs involves
activation of the JNK/ERK pathway. These findings
indicate that DMC-BH is superior to DMC in
glioblastoma treatment.

MATERIALS AND METHODS
Reagents

DMC-BH was synthesized by China Pharmaceutical
University. MTT cell proliferation kit (C0009) and
Mitochondrial membrane potential assay kit with JC-1
(C2006) were purchased from Beyotime Biotechnology
(Nanjing, China). TUNEL cell apoptosis in situ detection
kit (KGA7062) was purchased from KeyGEN BioTECH
(Nanjing, China). Annexin V-FITC/PlI Apoptosis
Detection Kit was obtained from Elabscience
Biotechnology (Wuhan, China). All primary and
secondary antibodies for western blotting were obtained
from Abcam (Cambridge, UK). Caspase 3, 8, and 9
Activity Assay Kits were obtained from Beyotime
Biotechnology (Nanjing, China). z-VAD-fmk, U0126
and 3-Methyladenine (3-MA) were obtained from Sigma-
Aldrich (St. Louis, USA). Pl and RNase solution were
from BD Biosciences (San Jose, CA, USA). Proteome
Profiler Human Phospho-Kinase Array (ARY003B) was
obtained from R&D Systems (Minneapolis, Minnesota).
SP600125 was obtained from AG Scientific, Inc. (San
Diego, CA, USA).

Cell culture

U87 and SHG44 cells were grown in Neural Stem Cell
Basal Medium supplemented with B27, Penicillin-

Streptomycin, Glutamine, Heparin, recombinant basic
fibroblast growth factor, and recombinant epidermal
growth factor (Cyagen, Santa Clara, CA 95050, USA),
and were maintained in a humidified incubator
containing 5% CO2 at 37 °C. Neural stem cell markers
(nestin and CD133) were employed to identify GSCs.

Cell proliferation assay

GSCs were plated at 5 x 103 cells per well in 96-well
plates, and incubated with the indicated concentrations
of DMC-BH for 72 h. Cell metabolic activity was
analyzed by MTT Cell Proliferation and Cytotoxicity
Assay Kit (Beyotime Biotechnology, Nanjing, China)
according to manufacturer's instructions.

Tunel staining apoptosis assay

GSCs were plated at 1x105 cells per well in 6-well
plates, and treated with DMC-BH for 24- and 48-h. Cells
were fixed with 4 % paraformaldehyde for 30 min,
washed with PBS, and incubated in PBS containing 0.3%
Triton X-100 for 5 minutes at room temperature. After
that, GSCs were incubated with 50 uM TUNEL detection
solution (Beyotime Biotechnology, Nanjing, China)
and Hoechst 33,258 staining solution (Beyotime
Biotechnology, Nanjing, China) for 10 min. The seal
solution was quenched by fluorescence quenching and
observed under fluorescence microscope. In this assay,
the red nuclear staining indicates apoptosis, while the
blue staining suggests normal nuclei.

Annexin V/FITC apoptosis assay

2x105 cells per well were seeded in 6-well dishes, and
incubated with DMC-BH for 24 and 48 hours. GSCs
were stained with 5 pl Annexin V-FITC and 10 pl PI at
room temperature for 10-20 minutes, centrifuged, and
analyzed by flow cytometry.

Mitochondrial transmembrane potential (MTP)

MTP was measured by flow cytometry; 5 uL of 10
pg/mL JC-1 solution was added into 500 uL of cell
suspension, mixed, and incubated in dark for 20 min.
Stained cells were analyzed by fluorescence activated
cell sorting using the CXP analysis software (BD
Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis

Whole cell extracts were prepared using RIPA lysis
buffer (Beyotime Biotechnology, Nanjing, China). For
tissue extracts, 0.1-0.2g of intracranial orthotopic tumor
xenografts were lysed in a lysis buffer containing 20 mM
Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 2.5 mM
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sodium pyrophosphate, 1 mM EDTA, 1% Na3VO4, 0.5
pg/mL of leupeptin, and 1 mM PMSF, and homogenized
with a motor homogenizer. Samples were centrifuged at
12,000 rpm for 15 min, and protein concentration was
determined using a BCA protein Assay Kit (Beyotime
Biotechnology, Nanjing, China). 50 pg protein/lane was
resolved on a SurePAGE gel, and transferred to PVDF
membrane. The membranes were incubated with primary
antibodies against PARP-1 (Abcam, Shanghai, China),
Bax (Abcam, Shanghai, China), Bcl-2 (Abcam,
Shanghai, China), caspase-3 (Abcam, Shanghai, China),
GAPDH ((Abcam, Shanghai, China)), JNK (Abcam,
Shanghai, China), Phospho-JunB (Ser259) (Shanghai
Abways Biotechnology Co.,Ltd., Shanghai, China), p-
ERK (Shanghai Abways Biotechnology Co.,Ltd.,
Shanghai, China) and p-JNK (Abcam, Shanghai, China)
at 4 °C overnight. After washing with TBST, the
membranes were incubated with horseradish peroxidase
(HRP)-conjugated  secondary antibodies (Abcam,
Shanghai, China) for 1 h, and the signal was detected
with enhanced chemiluminescence (Amersham Life
Science, Arlington Heights, IL).

Caspase-3, 8 and 9 activity assays

Caspase activities were detected by using Caspase-3, 8
and 9 Activity Assay Kits (Beyotime Biotechnology,
Nanjing, China) according to the manufacturer’s
instructions. Briefly, cells were seeded in 96-well
plates at a density of 5x104 cells/mL, and incubated
with DMC-BH. Activity of caspase-3, 8, and 9 was
measured in cell lysates using the Ac-DEVD-pNA
substrate and a microplate reader (M200; TECAN,
Japan) at 405 nm.

Measurement of intracellular ROS production

The production of intracellular ROS was measured by
using ROS Assay Kit (Beyotime Biotechnology,
Nanjing, China). 2x105 cells per well were incubated in
6-well plates, and after incubation, the medium was
aspirated, and intracellular ROS was detected using
H2DCFDA. For flow cytometry, cells were obtained by
centrifugation, washed with PBS, re-suspended in 500
ul of H2DCFDA (10 pM), and after 30 min incubation
in the dark at 37°C, cells were immediately analyzed by
flow cytometry.

In vivo tumor model

80 male nude mice of 18-20g/6-8 weeks were randomly
divided into a blank group (100 pul DMSO/PBS
intraperitoneal (i.p.) injections) and DMC-BH group (20
mg/kg DMC-BH in 100 pl of DMSO/PBS intraperitoneal
(i.p.) injection). Mice were placed in the laminar shelf for
SPF, and the food, bedding, cage, and contact

instruments were all used after high pressure disinfection.
Amplified U87-luc or SHG44-luc GSCs were passaged
in 6 cm culture dish in 5% CO2 incubator. 10% chloral
hydrate (40 pul/10g) was used to anesthetize the mice.
Mice were then fixed on stereotaxic apparatus under
anesthesia, immobilized, and injected with U87-Luc
cells; the concentration of cells was 1 x 108/mL. 5 x 105
U87-luc or SHG44-luc GSCs were then injected in the
caudate nucleus of the nude mice through an infusion of
1 pL/min. The orthotopic glioblastoma growth was
quantified by BLI using an IVIS SPECTRUM 200
system (Perkin Elmer). The drug administration started
10 days after intracranial implantation of U87-luc or
SHG44-luc GSCs, and continued daily for 28 days. In
vivo imaging confirmed that the tumors were formed;
this was recorded as day 1. Control mice received an
equivalent volume of physiologic solution each day.
Animals were sacrificed by CO2 inhalation. The study
was approved by the Institutional Animal Care and Use
Committee of Affiliated Kunshan Hospital of Jiangsu
University (Approval ID 2019-07-001). All operations
were performed according to international guidelines
concerning the care and treatment of experimental
animals.

Immunohistochemistry

Tissue sections were placed in xylene for 10 min and
deparaffinized. After antigen thermal repair, endogenous
peroxidase activity was inhibited, sections were blocked,
washed, and incubated with a non-immune serum at
room temperature for 10 min. Slides were then incubated
with a primary antibody at 4 °C overnight, washed, and
incubated with biotin-conjugated secondary antibody.
Sections were counterstained with hematoxylin.

Statistical analysis

All tests were performed using SPSS Graduate Pack
11.0 statistical software (SPSS, Chicago, IL).
Descriptive statistics, including the mean and SE, and
one-way ANOVA were used to determine significant
differences. *, P < 0.05 and **, P <0.01 were
considered statistically significant.

CONFLICTS OF INTEREST

The authors declare that there is no conflict of interest.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81772691 and 81370062), China
Postdoctoral Science Foundation (2017M620196 and
2018T110467), and Key Young Medical Talents Project
in Jiangsu Province (QNRC2016526). The funders had

WWW.aging-us.com 14732

AGING



no role in the study design, data collection and analysis,
decision to publish, or in the preparation of the
manuscript.

REFERENCES

1. Hess KR, Broglio KR, Bondy ML. Adult glioma incidence
trends in the United States, 1977-2000. Cancer. 2004;
101:2293-99.
https://doi.org/10.1002/cncr.20621
PMID:15476282

2. Rosenfeld MR, Pruitt AA. Management of Malignant
gliomas and primary CNS lymphoma: standard of care
and future directions. Continuum (Minneap Minn).
2012; 18:406-15.
https://doi.org/10.1212/01.CON.0000413666.88539.0b
PMID:22810135

3. Song WS, Yang YP, Huang CS, Lu KH, Liu WH, Wu WW,
Lee YY, Lo WL, Lee SD, Chen YW, Huang PI, Chen MT.
Sox2, a stemness gene, regulates tumor-initiating and
drug-resistant properties in CD133-positive
glioblastoma stem cells. J Chin Med Assoc. 2016;
79:538-45.
https://doi.org/10.1016/j.jcma.2016.03.010
PMID:27530866

4. Wang X, Chen L, Xiao Z, Wang Y, Liu T, Zhang T, Zhang
Y. Screening glioma stem cells in U251 cells based on
the P1 promoter of the CD133 gene. Oncol Lett. 2016;
12:2457-62.
https://doi.org/10.3892/01.2016.4966
PMID:27698813

5. Lleng L Zhong X, Sun G, Qiu W, Shi L
Demethoxycurcumin was superior to temozolomide in
the inhibition of the growth of glioblastoma stem cells
in vivo. Tumour Biol. 2016. [Epub ahead of print].
https://doi.org/10.1007/s13277-016-5399-x
PMID:27757851

6. Shi L, Sun G. DMC is not better than TMZ on
intracranial anti-glioma effects. J Cell Biochem. 2018;
119:6057-6064.
https://doi.org/10.1002/jcb.26803
PMID:29575236

7. Decean HP, Brie IC, Tatomir CB, Perde-Schrepler M,
Fischer-Fodor E, Virag P. Targeting MAPK (p38, ERK,
JNK) and inflammatory CK (GDF-15, GM-CSF) in UVB-
activated human skin cells with vitis vinifera seed
extract. J Environ Pathol Toxicol Oncol. 2018;
37:261-72.
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2
018027009 PMID:30317975

8. Wang X, Fan M, Chu X, Zhang Y, Rahman SU, Jiang Y,
Chen X, Zhu D, Feng S, Li Y, Wu J. Deoxynivalenol
induces toxicity and apoptosis in piglet hippocampal

10.

11.

12.

13.

14.

15.

16.

nerve cells via the MAPK signaling pathway. Toxicon.
2018; 155:1-8.
https://doi.org/10.1016/].toxicon.2018.09.006
PMID:30290166

Sun 'Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HF. Signaling
pathway of MAPK/ERK in cell proliferation,
differentiation, migration, senescence and apoptosis. J
Recept Signal Transduct Res. 2015; 35:600-04.
https://doi.org/10.3109/10799893.2015.1030412
PMID:26096166

Kwon SJ, Kwon OS, Kim KT, Go YH, Yu S|, Lee BH,
Miyoshi H, Oh E, Cho SJ, Cha HJ. Role of MEK partner-1
in cancer stemness through MEK/ERK pathway in
cancerous neural stem cells, expressing EGFRviii. Mol
Cancer. 2017; 16:140.
https://doi.org/10.1186/s12943-017-0703-y
PMID:28830458

Li B, Wang F, Liu N, Shen W, Huang T. Astragaloside IV
inhibits progression of glioma via blocking MAPK/ERK
signaling pathway. Biochem Biophys Res Commun.
2017; 491:98-103.
https://doi.org/10.1016/j.bbrc.2017.07.052
PMID:28709870

Wang Y, Gao S, Wang W, Liang J. Temozolomide
inhibits cellular growth and motility via targeting ERK
signaling in glioma C6 cells. Mol Med Rep. 2016;
14:5732-38.

https://doi.org/10.3892/mmr.2016.5964
PMID:27878252

Yang CW, Chang CL, Lee HC, Chi CW, Pan JP, Yang WC.
Curcumin induces the apoptosis of human monocytic
leukemia THP-1 cells via the activation of JNK/ERK
pathways. BMC Complement Altern Med. 2012; 12:22.
https://doi.org/10.1186/1472-6882-12-22
PMID:22443687

Zhao H, Wang C, Lu B, Zhou Z, Jin Y, Wang Z, Zheng L,
Liu K, Luo T, Zhu D, Chi G, Luo Y, Ge P. Pristimerin
triggers AlF-dependent programmed necrosis in
glioma cells via activation of JNK. Cancer Lett. 2016;
374:136-48.
https://doi.org/10.1016/j.canlet.2016.01.055
PMID:26854718

Wu WS, Chien CC, Liu KH, Chen YC, Chiu WT.
Evodiamine prevents glioma growth, induces
glioblastoma cell apoptosis and cell cycle arrest
through JNK activation. Am J Chin Med. 2017;
45:879-99.
https://doi.org/10.1142/S0192415X17500471
PMID:28514905

Guerra-Rebollo M, Nogueira de Moraes C, Alcoholado
C, Soler-Botija C, Sanchez-Cid L, Vila OF, Meca-Cortés
O, Ramos-Romero S, Rubio N, Becerra J, Blanco J,

WWW.aging-us.com 14733

AGING


https://doi.org/10.1002/cncr.20621
https://pubmed.ncbi.nlm.nih.gov/15476282
https://doi.org/10.1212/01.CON.0000413666.88539.0b
https://pubmed.ncbi.nlm.nih.gov/22810135
https://doi.org/10.1016/j.jcma.2016.03.010
https://pubmed.ncbi.nlm.nih.gov/27530866
https://doi.org/10.3892/ol.2016.4966
https://pubmed.ncbi.nlm.nih.gov/27698813
https://doi.org/10.1007/s13277-016-5399-x
https://pubmed.ncbi.nlm.nih.gov/27757851
https://doi.org/10.1002/jcb.26803
https://pubmed.ncbi.nlm.nih.gov/29575236
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018027009
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018027009
https://pubmed.ncbi.nlm.nih.gov/30317975
https://doi.org/10.1016/j.toxicon.2018.09.006
https://pubmed.ncbi.nlm.nih.gov/30290166
https://doi.org/10.3109/10799893.2015.1030412
https://pubmed.ncbi.nlm.nih.gov/26096166
https://doi.org/10.1186/s12943-017-0703-y
https://pubmed.ncbi.nlm.nih.gov/28830458
https://doi.org/10.1016/j.bbrc.2017.07.052
https://pubmed.ncbi.nlm.nih.gov/28709870
https://doi.org/10.3892/mmr.2016.5964
https://pubmed.ncbi.nlm.nih.gov/27878252
https://doi.org/10.1186/1472-6882-12-22
https://pubmed.ncbi.nlm.nih.gov/22443687
https://doi.org/10.1016/j.canlet.2016.01.055
https://pubmed.ncbi.nlm.nih.gov/26854718
https://doi.org/10.1142/S0192415X17500471
https://pubmed.ncbi.nlm.nih.gov/28514905

17.

18.

19.

20.

21.

22.

23.

Garrido C. Glioblastoma bystander cell therapy:
improvements in treatment and insights into the
therapy mechanisms. Mol Ther Oncolytics. 2018;
11:39-51.
https://doi.org/10.1016/j.omt0.2018.09.002
PMID:30364660

Katt WP, Blobel NJ, Komarova S, Antonyak MA, Nakano
I, Cerione RA. A small molecule regulator of tissue
transglutaminase conformation inhibits the malignant
phenotype of cancer cells. Oncotarget. 2018; 9:34379—
34397.

https://doi.org/10.18632/oncotarget.26193
PMID:30344949

Qian J, Wang C, Wang B, Yang J, Wang Y, Luo F, Xu J,
Zhao C, Liu R, Chu Y. The IFN-y/PD-L1 axis between T
cells and tumor microenvironment: hints for glioma
anti-PD-1/PD-L1 therapy. J Neuroinflammation. 2018;
15:290.

https://doi.org/10.1186/s12974-018-1330-2
PMID:30333036

Lyon KA, Huang JH. Bevacizumab as an adjuvant
therapy for glioblastoma in elderly patients: the facts.
Transl Cancer Res. 2018 (Suppl 7); 7:5802-05.
https://doi.org/10.21037/tcr.2018.08.19
PMID:30370226

Hafazalla K, Sahgal A, Jaja B, Perry JR, Das S.
Procarbazine, CCNU and vincristine (PCV) versus
temozolomide chemotherapy for patients with low-
grade glioma: a systematic review. Oncotarget. 2018;
9:33623-33.
https://doi.org/10.18632/oncotarget.25890
PMID:30263090

Hashemi-Niasari F, Rabbani-Chadegani A, Razmi M,
Fallah S. Synergy of theophylline reduces necrotic
effect of berberine, induces cell cycle arrest and PARP,
HMGB1, bcl-2 family mediated apoptosis in MDA-MB-
231 breast cancer cells. Biomed Pharmacother. 2018;
106:858-67.
https://doi.org/10.1016/j.biopha.2018.07.019
PMID:30119256

Wang Q, Zheng M, Yin Y, Zhang W. Ghrelin stimulates
hepatocyte proliferation via regulating cell cycle
through GSK3B/B-catenin signaling pathway. Cell
Physiol Biochem. 2018; 50:1698-710.
https://doi.org/10.1159/000494789

PMID:30384380

Lal N, Nemaysh V, Luthra PM. Proteasome mediated
degradation of CDC25C and «cyclin Bl in
demethoxycurcumin treated human glioma U87 MG
cells to trigger G2/M cell cycle arrest. Toxicol Appl
Pharmacol. 2018; 356:76—89.
https://doi.org/10.1016/j.taap.2018.07.012
PMID:30009775

24,

25.

26.

27.

28.

29.

30.

31

Tao Z, Li T, Ma H, Yang Y, Zhang C, Hai L, Liu P, Yuan F,
Li J, Yi L, Tong L, Wang Y, Xie Y, et al. Autophagy
suppresses self-renewal ability and tumorigenicity of
glioma-initiating cells and  promotes Notchl
degradation. Cell Death Dis. 2018; 9:1063.
https://doi.org/10.1038/s41419-018-0957-3
PMID:30337536

Tung B, Ma D, Wang S, Oyinlade O, Laterra J, Ying M, Lv
SQ, Wei S, Xia S. Kriippel-like factor 9 and histone
deacetylase inhibitors synergistically induce cell death
in glioblastoma stem-like cells. BMC Cancer. 2018;
18:1025.

https://doi.org/10.1186/s12885-018-4874-8
PMID:30348136

Wang X, Shen C, Liu Z, Peng F, Chen X, Yang G, Zhang
D, Yin Z, Ma J, Zheng Z, Zhao B, Liu H, Wang L, et al.
Nitazoxanide, an antiprotozoal drug, inhibits late-
stage autophagy and promotes ING1-induced cell
cycle arrest in glioblastoma. Cell Death Dis. 2018;
9:1032.

https://doi.org/10.1038/s41419-018-1058-z
PMID:30302016

Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y,
Kondo S. Role of autophagy in temozolomide-induced
cytotoxicity for Malignant glioma cells. Cell Death
Differ. 2004; 11:448-57.
https://doi.org/10.1038/sj.cdd.4401359
PMID:14713959

Yan Y, Xu Z, Dai S, Qian L, Sun L, Gong Z. Targeting
autophagy to sensitive glioma to temozolomide
treatment. J Exp Clin Cancer Res. 2016; 35:23.
https://doi.org/10.1186/s13046-016-0303-5
PMID:26830677

Zanotto-Filho A, Braganhol E, Klafke K, Figueird F, Terra
SR, Paludo FJ, Morrone M, Bristot 1), Battastini AM,
Forcelini CM, Bishop AJ, Gelain DP, Moreira JC.
Autophagy inhibition improves the efficacy of
curcumin/temozolomide combination therapy in
glioblastomas. Cancer Lett. 2015; 358:220-31.
https://doi.org/10.1016/j.canlet.2014.12.044
PMID:25542083

Mizushima N. Methods for monitoring autophagy. Int J
Biochem Cell Biol. 2004; 36:2491-502.
https://doi.org/10.1016/].biocel.2004.02.005
PMID:15325587

Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA,

Outzen H, @vervatn A, Bjgrkgy G, Johansen T.
p62/SQSTM1 binds directly to Atg8/LC3 to facilitate
degradation of ubiquitinated protein aggregates by
autophagy. J Biol Chem. 2007; 282:24131-45.
https://doi.org/10.1074/jbc.M702824200
PMID:17580304

WWW.aging-us.com

14734

AGING


https://doi.org/10.1016/j.omto.2018.09.002
https://pubmed.ncbi.nlm.nih.gov/30364660
https://doi.org/10.18632/oncotarget.26193
https://pubmed.ncbi.nlm.nih.gov/30344949
https://doi.org/10.1186/s12974-018-1330-2
https://pubmed.ncbi.nlm.nih.gov/30333036
https://doi.org/10.21037/tcr.2018.08.19
https://pubmed.ncbi.nlm.nih.gov/30370226
https://doi.org/10.18632/oncotarget.25890
https://pubmed.ncbi.nlm.nih.gov/30263090
https://doi.org/10.1016/j.biopha.2018.07.019
https://pubmed.ncbi.nlm.nih.gov/30119256
https://doi.org/10.1159/000494789
https://pubmed.ncbi.nlm.nih.gov/30384380
https://doi.org/10.1016/j.taap.2018.07.012
https://pubmed.ncbi.nlm.nih.gov/30009775
https://doi.org/10.1038/s41419-018-0957-3
https://pubmed.ncbi.nlm.nih.gov/30337536
https://doi.org/10.1186/s12885-018-4874-8
https://pubmed.ncbi.nlm.nih.gov/30348136
https://doi.org/10.1038/s41419-018-1058-z
https://pubmed.ncbi.nlm.nih.gov/30302016
https://doi.org/10.1038/sj.cdd.4401359
https://pubmed.ncbi.nlm.nih.gov/14713959
https://doi.org/10.1186/s13046-016-0303-5
https://pubmed.ncbi.nlm.nih.gov/26830677
https://doi.org/10.1016/j.canlet.2014.12.044
https://pubmed.ncbi.nlm.nih.gov/25542083
https://doi.org/10.1016/j.biocel.2004.02.005
https://pubmed.ncbi.nlm.nih.gov/15325587
https://doi.org/10.1074/jbc.M702824200
https://pubmed.ncbi.nlm.nih.gov/17580304

32.

33.

Hu B, Song JT, Ji XF, Liu ZQ, Cong ML, Liu DX. Sodium
ferulate protects against angiotensin ll-induced
cardiac hypertrophy in mice by regulating the
MAPK/ERK and JNK pathways. Biomed Res Int. 2017;
2017:3754942.
https://doi.org/10.1155/2017/3754942
PMID:28164119

Yu X, Zhong J, Yan L, Li J, Wang H, Wen Y, Zhao Y.
Curcumin exerts antitumor effects in retinoblastoma
cells by regulating the JNK and p38 MAPK pathways.
Int J Mol Med. 2016; 38:861-68.
https://doi.org/10.3892/ijmm.2016.2676
PMID:27432244

34.

35.

Bacus SS, Gudkov AV, Lowe M, Lyass L, Yung Y,
Komarov AP, Keyomarsi K, Yarden Y, Seger R. Taxol-
induced apoptosis depends on MAP kinase pathways
(ERK and p38) and is independent of p53. Oncogene.
2001; 20:147-55.
https://doi.org/10.1038/sj.onc.1204062
PMID:11313944

Arai K, Lee SR, van Leyen K, Kurose H, Lo EH.
Involvement of ERK MAP kinase in endoplasmic
reticulum stress in SH-SY5Y human neuroblastoma
cells. ] Neurochem. 2004; 89:232-39.
https://doi.org/10.1111/j.1471-4159.2004.02317.x
PMID:15030407

WWW.aging-us.com

14735

AGING


https://doi.org/10.1155/2017/3754942
https://pubmed.ncbi.nlm.nih.gov/28164119
https://doi.org/10.3892/ijmm.2016.2676
https://pubmed.ncbi.nlm.nih.gov/27432244
https://doi.org/10.1038/sj.onc.1204062
https://pubmed.ncbi.nlm.nih.gov/11313944
https://doi.org/10.1111/j.1471-4159.2004.02317.x
https://pubmed.ncbi.nlm.nih.gov/15030407

