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(Bacl(ground: Targeting disruption of STAT3 results in inhibition of tumor growth and survival in malignant glioma.
Results: Cucurbitacin I triggers protective autophagy through the AMPK/mTOR/p70S6K pathway and down-regulates

Conclusion: Autophagy blockade sensitizes glioblastoma to cucurbitacin I treatment.
Significance: This study provides new insights into the biological and antiproliferative activities of cucurbitacin I against
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There is an urgent need for new therapeutic avenues to
improve the outcome of patients with glioblastoma multiforme
(GBM). Current studies have suggested that cucurbitacin I, a
natural selective inhibitor of JAK2/STAT3, has a potent anti-
cancer effect on a variety of cancer cell types. This study showed
that autophagy and apoptosis were induced by cucurbitacin I.
Exposure of GBM cells to cucurbitacin I resulted in pronounced
apoptotic cell death through activating bcl-2 family proteins.
Cells treatment with cucurbitacin I up-regulated Beclin 1 and
triggered autophagosome formation and accumulation as well
as conversion of LC3I to LC3II. Activation of the AMP-activated
protein kinase/mammalian target of rapamycin/p70S6K path-
way, but not the PI3BK/AKT pathway, occurred in autophagy
induced by cucurbitacin I, which was accompanied by decreased
hypoxia-inducible factor 1. Stable overexpression of hypoxia-
inducible factor 1 induced by FG-4497 prevented cucurbitacin
I-induced autophagy and down-regulation of bcl-2. Knockdown
of beclin 1 or treatment with the autophagy inhibitor 3-methy-
ladenine also inhibited autophagy induced by cucurbitacin I. A
coimmunoprecipitation assay showed that the interaction of
Bcl-2 and Beclin 1/hVps34 decreased markedly in cells treated
with cucurbitacin I. Furthermore, knockdown of beclin 1 or
treatment with the lysosome inhibitor chloroquine sensitized
cancer cells to cucurbitacin I-induced apoptosis. Finally, a xeno-
graft model provided additional evidence for the occurrence of
cucurbitacin I-induced apoptosis and autophagy in vitro. Our
findings provide new insights into the molecular mechanisms
underlying cucurbitacin I-mediated GBM cell death and may
provide an efficacious therapy for patients harboring GBM.
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A variety of cancers, including glioma, exhibits an aberrant
activation of STAT3, which plays a pivotal role in malignant
transformation and tumor cell survival, and blocking the aber-
rant activation of STAT3 results in the inhibition of tumor
growth and survival and induction of apoptosis with few side
effects to normal cells (1-7). Thus, abrogation of STAT3 acti-
vation is considered an effective cancer therapeutic approach
(8). Cucurbitacin I, a selective inhibitor of JAK2/STATS3, is a
natural plant product isolated from various plant families and
has been used as folk medicine for centuries in China, India,
Brazil, and Peru (9). Accumulating evidence shows that cucur-
bitacin I has a potent anticancer effect on a variety of cancer cell
types, such as breast cancer, lung cancer, neuroblastoma, mel-
anoma, and glioma (10-12).

Glioblastoma multiforme (GBM),> classified as grade IV
astrocytoma by the World Health Organization, is the most
aggressive glioma and accounts for 54% of all gliomas (13). Even
though a combination of surgery, chemotherapy, and radio-
therapy is used, there has been only a minimal improvement in
the median survival time of GBM patients (from ~12 to 14
months) or in the 5-year survival rate (less than 5%) (14), which
points to the critical need to identify and implement therapeu-
tic strategies. Because JAK2/STAT3 has garnered significant
interest as a key driver of tumor cell survival, proliferation, and
invasion in GBM (5, 15-18), it may be exploitable for a novel
therapy against GBM.

Macroautophagy (hereafter called autophagy), known as
programmed cell death type II, has an important homeostatic
role, mediating the removal of dysfunctional or damaged
organelles that are digested and recycled for cellular metabolic
needs (19). Consequently, autophagy might maintain cancer
survival under metabolic stress conditions and mediate resis-
tance to anticancer therapies such as radiation, chemotherapy,
and some targeted therapies. Mounting evidence suggests that

2 The abbreviations used are: GBM, glioblastoma multiforme; HIF, hypoxia-
inducible factor; CQ, chloroquine; DMSO, dimethyl sulfoxide; AMPK, AMP-
activated protein kinase; mTOR, mammalian target of rapamycin.
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inhibition of autophagy promotes cancer cell death (20-23)
and potentiates various anticancer therapies (24 —26), implicat-
ing autophagy as a mechanism that enables tumor cells to sur-
vive antineoplastic therapy. Treatment of these cells with inhib-
itors of autophagy such as chloroquine or knockdown of
essential autophagy genes (beclin-1, autophagy-associated
gene) resulted in enhanced therapy-induced apoptosis (27, 28).
These findings have led to the initiation of multiple clinical
trials combining autophagy inhibitors and chemotherapeutic
agents for diverse cancer types (29).

Here we unveil a hitherto rare described cellular response of
cucurbitacin I-induced protective autophagy associated with
HIF-1a and a dramatic cytotoxic effect following autophagy
inhibition by CQ in GBM. Our studies could provide the
groundwork for future investigation of the implication of
cucurbitacin I-mediated anticancer activities against GBM

EXPERIMENTAL PROCEDURES

Reagents—Cucurbitacin I, 3-methyladenine, chloroquine
(CQ), and Dimethyl sulfoxide (DMSO) were purchased from
Sigma. FG-4497 was purchased from FibroGen. Antibodies
used in the study were as follows: AMPK, phospho-AMPK
(Thr-172), mTOR, phospho-mTOR (Ser-2448), AKT, phos-
pho-AKT (Ser-473), Beclin 1, Bcl-2, Bcl-xL, Ki67, JAK2,
STATS3, phospho-STATS3 (Ser-727), and LC3BI/II (Cell Signal-
ing Technology); phospho-JAK2 (Tyr-1007/Tyr-1008) and Bax
(Abcam); and cleaved caspase 3 (pl17), HIF-1a, p70S6K, and
phospho-p70 S6K (Santa Cruz Biotechnology); and hVps34
(Echelon Biosciences).

Cell Lines and Culture—The human GBM cell lines T98G
and U251 were purchased from the ATCC and incubated in
DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT), 100 units/ml penicillin, and 100
pg/ml streptomycin in humidified air with 5% CO, at 37 °C.
Human astrocytes were purchased from ScienceCell and incu-
bated in astrocyte medium consisting of 20% fetal bovine
serum, 100 units/ml penicillin, and 1% astrocyte growth sup-
plement (ScienceCell) in humidified air with 5% CO,, at 37 °C.

Cell Viability Assay—The cytotoxic effect of cucurbitacin I
on GBM cell lines was determined using a CCK-8 assay
(Dojindo, Japan). Tumor cells in medium containing 10% fetal
bovine serum were seeded into 96-well, flat-bottomed plates at
5 X 10 cells/well and incubated at 37°C overnight. After the
desired treatment, the cells were incubated for an additional 4 h
with 100 ul of serum-free DMEM with 10 ul of CCK-8 at 37°C.
The absorbance at 450 nm was measured using a microplate
reader. The absorbance was measured at 450-nm wavelength.

Western Blot Analysis—After the desired treatment, cells
were washed twice with cold PBS and harvested with a rubber
scraper. Cell pellets were lysed and kept on ice for at least 30
min in a buffer containing 50 mMm Tris-HCI (pH 7.4), 150 mm
NaCl, 0.5% Nonidet P-40, 50 mm NaF, 1 mm Na; VO,, 1 mm
phenylmethylsulfonyl fluoride, and 1 mm PMSE. The lysates
were cleared by centrifugation, and the supernatants were col-
lected. Cell lysates were then separated by SDS-PAGE and sub-
jected to Western blot analysis with the primary antibodies and
horseradish peroxidase-labeled secondary antibodies.
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Coimmunoprecipitation Assay—Cells lysates were collected
as described under “Western Blot Analysis.” Samples were
immunoprecipitated with 1 ug of Bcl-2, Beclin 1, or hVps34
antibodies or irrelevant IgG at 4 °C overnight, and the immu-
noprecipitated protein was pulled down with protein A-agarose
beads (Santa Cruz Biotechnology) at 4 °C for 6 h. The superna-
tant was removed, and proteins were boiled in 4X SDS loading
buffer (Millipore) before SDS-PAGE electrophoresis.

Immunofluorescence Staining—GBM cells were plated on
glass slides in 24-well culture plates at a concentration of 2 X
10° cells/well for 24 h and subsequently treated with drugs for
an additional 48 h in serum-free DMEM. Thereafter, the cells
were fixed with a 4% formaldehyde solution in PBS, permeabi-
lized with 0.5% Triton X-100 in PBS, stained with the primary
antibody overnight, and labeled with anti-mouse or anti-rabbit
IgG conjugated with FITC (Santa Cruz Biotechnology). The
cells were counterstained with DAPI and observed under an
Olympus BX61 fluorescence microscope. Pictures were scanned
with a DP71 CCD (charge-coupled device) digital camera.

GFP-LC3 Transient Transfection—Cells were transiently
transfected with the pSELECT-GFP-LC3 plasmid (Invivogen)
using Lipofectamine 2000 reagent (Sigma) according to the
instructions of the manufacturer. To quantify autophagic cells
after drug treatment, we counted the number of autophagic
cells demonstrated by GFP-LC3 punctates (=20 punctates as a
positive cell) in 100 fields. Pictures were scanned with a DP71
CCD digital camera.

Transmission Electron Microscopy—Cells were fixed with 3%
glutaraldehyde in PBS for 2 h, washed five times with 0.1 M
cacodylate buffer, and postfixed with 1% OsO4 in 0.1 M caco-
dylate buffer containing 0.1% CaCl, for 1.5 h at 4 °C. The sam-
ples were then stained with 1% Millipore-filtered uranyl ace-
tate, dehydrated in increasing concentrations of ethanol,
infiltrated, and embedded in LX-112 medium (Ladd Research
Industries, Inc.). After polymerization of the resin at 60 °C for
48 h, ultrathin sections were cut with a Leica Ultracut
microtome (Leica). Sections were stained with 4% uranyl ace-
tate and lead citrate, and images were obtained using a JEM-
100cxII electron microscope (JEM).

Small Interfering RNA Transfection—Beclin 1 and negative
control siRNA were synthesized by Genephama. The sequences of
siRNA were as follows: human beclin 1,5'-GGA GCC AUU UAU
UGA AAC UTT-3' (sense) and 5'-GU UUC AAU AAA UGG
CUCCTT-3’ (antisense). The siRNAs were transfected with Lipo-
fectamine 2000 for 48 h in U251 and T98G cells according to the
protocol of the manufacturer.

TUNEL Assay—GBM cells were plated on glass slides in
24-well culture plates at 2 X 10° cells/well for 24 h and subse-
quently treated with drugs for an additional 48 h in serum-free
DMEM. Glass slides with GBM cells and tumor paraffin-em-
bedded sections were stained with the TUNEL technique using
a TACS®2 TdT-Fluor in situ apoptosis detection kit (Trevigen,
Inc.) according to the instructions of the manufacturer.
TUNEL-positive cells were counted from at least 100 random
fields under a fluorescence microscope. *TACS-Nuclease™™
and buffer were used as positive controls to induce apoptosis.

Cell Death Detection ELISA™™ Assay—A cell death detection
ELISA™™ assay (Roche) was performed to determine apoptosis
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by quantification of histone-complexed DNA fragments
according to the instructions of the manufacturer, and absorb-
ance was determined at 405-nm wavelength.

Immunohistochemistry—Solid tumors were removed from
sacrificed mice and fixed with 4% formaldehyde. Paraffin-em-
bedded tumor tissues were sectioned to 5-um thickness and
mounted on positively charged microscope slides, and 1 mm
EDTA (pH 8.0) was used for antigen retrieval. Endogenous per-
oxidase activity was quenched by incubating the slides in meth-
anol containing 3% hydrogen peroxide, followed by washing in
PBS for 5 min, after which the sections were incubated for 2 h at
room temperature with normal goat serum and subsequently
incubated at 4 °C overnight with primary antibodies (1:100 Ki67,
1:200 LC3B, 1:100 bcl-2, 1:100 bcl-xL, and 1:100 p-caspase 3).
Next, the sections were rinsed with PBS and incubated with horse-
radish peroxidase-linked goat anti-rabbit or anti-mouse antibod-
ies, followed by reaction with diaminobenzidine and counterstain-
ing with Mayer’s hematoxylin.

Tumor xenograft Model—The experiments conformed to the
Animal Management Rule of the Chinese Ministry of Health
(documentation 55, 2001), and the experimental protocol was
approved by the Animal Care and Use Committee of Shandong
University. BALB/c nude (nu/nu) female mice were purchased
from Vital River Laboratories. U251 cells (5 X 10° cells in 50 ul
of serum-free DMEM) were inoculated subcutaneously into the
right flank of 5-week-old female mice after acclimatization for a
week. Tumor growth was measured daily with calipers. Tumor
volume was calculated as (L. X W?) / 2, where L is the length in
millimeters and W is the width in millimeters. When the
tumors reached a mean volume of 90 —120 mm?, animals were
randomized into groups. Two in vivo experiments were done:
one to investigate the effect of cucurbitacin I and another one to
assess the effects of CQ against cucurbitacin I treatment. In the
first experiment, 16 mice were randomly assigned to cucurbi-
tacin I (1 mg/kg/day in 20% DMSO in PBS) or drug vehicle
control (20% DMSO in PBS) and dosed intraperitoneally with
100 ul of vehicle or drug once daily for 18 days, whereas, in the
second, 20 mice were assigned to four groups. Control animals
received 20% DMSO in PBS vehicle, whereas treated animals
were injected with cucurbitacin I (1 mg/kg/day) in 20% DMSO
in PBS, CQ (25 mg/kg/day) in 20% DMSO in PBS, and cucur-
bitacin I (1 mg/kg/day) plus CQ (25 mg/kg/day) in 20% DMSO
in PBS and dosed intraperitoneally with 100 ul of vehicle or
drug once daily for 15 days. Tumors were dissected and frozen
in liquid nitrogen or fixed in formalin.

Statistical Analysis—The data were expressed as means *+ S.D.
Statistical analysis was performed with two-tailed Student’s £ test.
Significance between groups was determined with the Kruskal-
Weallis test and Mann-Whitney U test. The criterion for statistical
significance was set at p < 0.05.

RESULTS

Cucurbitacin I Inhibited the Growth of GBM Cells in Vitro
and in Vivo—To systematically address the inhibitory activity
of cucurbitacin I on GBM cell growth, we first evaluated its cell
viability by CCK-8 assay in vitro. The IC,, values of cucurbita-
cin I against U251 and T98MG cells were 170 and 245 nwm,
respectively. Treatment with cucurbitacin I resulted in growth
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inhibition of U251 and T98G cells in a dose-dependent manner,
but their responses varied (Fig. 14). Moreover, the slight effect
of cucurbitacin I on human astrocytes was observed. To deter-
mine whether the in vivo effects of cucurbitacin I on GBM cells
aligned with those in vitro, we conducted a series of therapeutic
experiments using U251 cell xenograft mouse models. We
found that intraperitoneal administration of cucurbitacin I (1
mg/kg/d, 18 days) markedly inhibited tumor volume and tumor
weight compared with the counterparts treated with DMSO.
The average tumor volume of solid tumors in cucurbitacin
I-treated mice was 412 mm? (+ 82) compared with 1286 mm?
(= 251) for the control group. Moreover, the average tumor
weights at study termination were 1340 mg (*+ 260) and 418 mg
(= 80) in the control and cucurbitacin I groups, respectively
(Fig. 1, B and C). Furthermore, Ki67 immunostaining con-
firmed a pronounced decrease in tumor cell proliferation (Fig.
1D). Together, our findings showed that cucurbitacin I signifi-
cantly suppressed GBM growth in vitro and in vivo.
Cucurbitacin I Induced Apoptosis in GBM Cells and a Xeno-
graft Mouse Model Related to bcl-2 Family Proteins—To inves-
tigate the underlying mechanisms involved in cucurbitacin
I-induced apoptosis against GBM, a cell death detection
ELISA®™* assay, a TUNEL assay, and apoptosis-related pro-
tein analysis were performed. The percentage of TUNEL-
positive cells increased remarkably in a dose-dependent
manner in cucurbitacin I-treated U251 and T98G cells (Fig.
2A). Similar to this observation, the DNA fragmentation ratio
of cucurbitacin I-treated groups was predominantly elevated,
compared with the control group, in a dose-dependent manner,
as examined by cell death detection ELISA™* assay (Fig. 2B).
For a further assessment of apoptosis induced by cucurbitacin I,
we examined the expression of apoptosis-related molecules by
Western blot analysis. GBM cells treated with cucurbitacin I for
48 h significantly up-regulated Bax and cleaved caspase 3 (p17)
but decreased antiapoptotic proteins such as Bcl-2 and Bcl-xL
in a dose-dependent manner (Fig. 2C). In agreement, intraperi-
toneal injections of cucurbitacin I resulted in massive apoptotic
cell death, cleaved caspase 3 (p17) increase, and marked bcl-2
and bcl-xL decrease on xenograft sections (data not shown).
Cucurbitacin I Triggered Autophagy and Activated the
Autophagy-related Gene Beclin 1 in GBM Cells—An increasing
number of studies has shown that cancer cells, including GBM
cells, undergo autophagy in response to various anticancer
therapies (30, 31). We examined whether cucurbitacin I
induced autophagy in GBM cells. To evaluate the activation of
autophagy by cucurbitacin I, transmission electron micros-
copy, immunofluorescence staining of LC3B, and GFP-LC3
transient transfection were used to show expressing LC3 aggre-
gation in U251 and T98G cells. Transmission electron micros-
copy revealed abundant characteristic autophagosomes in
GBM cells treated with cucurbitacin I and scarce autophago-
somes in control cells (Fig. 34). To further confirm that cucur-
bitacin I induces autophagy in GBM cells, we determined the
induction of autophagy by localizing an autophagosome-spe-
cific protein, LC3, by GFP-LC3 transient transfection. As
shown in Fig. 3B, we observed abundant autophagosomes in a
dose-dependent manner in 48-h cucurbitacin I-treated cells.
We found similar results through immunofluorescence stain-
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FIGURE 1. Cucurbitacin l inhibited the growth of GBM cells in vitro and in vivo. A,a CCK-8 assay was performed to assess cell viability in GBM cellsand human
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measured by tumor volume (B), tumor weight (C), and Ki67 immunohistochemical staining (D). All data are mean = S.D. *, p < 0.05; ***, p < 0.001; compared

with the control group. Scale bar = 50 um.

ing of LC3B (data not shown). Moreover, to examine whether
cucurbitacin I treatment induced processing of LC3-1to LC3-1I
and activated the autophagy-related gene Beclin 1, a Western
blot analysis was performed. As shown in Fig. 3C, LC3-II and
Beclin 1 expression were more pronounced with an increased
dose of cucurbitacin I. To test whether cucurbitacin I-induced up-
regulation of LC3B is due to autophagy induction or the inhibition
of autolysosomal function, bafilomycin A1 was used to inhibit
autophagic flux. As shown in Fig. 3D, although increased LC3-1I
levels were detected in bafilomycin Al-treated cells because of
inhibition of lysosomal degradation of LC3-II, LC3-II levels were
even higher in the cucurbitacin I-treated cells. The reduced p62
level usually indicates the activation of autophagy in cells (32). We
found that, in the absence of bafilomycin A1, the expression of p62
protein was decreased in cucurbitacin I-treated cells, suggesting
that autophagy was activated and that the p62 protein was
degraded via autophagy. The p62 level was obviously elevated in
cells treated with bafilomycin Al and cucurbitacin I, indicating
that autophagy was blocked by bafilomycin A1 and that p62 was
accumulated in GBM cells (Fig. 3D). Furthermore, a massive LC3B
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accumulation was noted on tumor sections in cucurbitacin
I-treated xenografts (Fig. 3E). Taken together, these data indicated
that cucurbitacin I induced autophagy and activated the
autophagy-related gene beclin 1 in GBM in vitro and in vivo.
Constitutive Activation of the AMPK/mTOR/p70S6K Path-
way Was Involved in Cucurbitacin I-induced Autophagy in
GBM Cells—PI3K/Akt/mTOR pathway is the main regulatory
pathway by which autophagy is suppressed (33, 34). However,
we observed that treatment with cucurbitacin I for 48h down-
regulated p-mTOR expression in a dose-dependent manner
but failed to note any alteration of p-AKT (Fig. 44), which indi-
cated that the PI3K/AKT pathway might not be the main sig-
naling pathway when autophagy occurred after cucurbitacin I
treatment. It has been shown recently that AMP-activated pro-
tein kinase activation leads to autophagy through the negative
regulation of mTOR (35, 36). Therefore, we examined whether
phosphorylation of AMPK was involved in cucurbitacin I-in-
duced autophagy in GBM cells. As expected, cucurbitacin
I-mediated phosphorylation of AMPK was more pronounced
with the increased dose of cucurbitacin I. In addition, the
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decreased phosphorylation of p70S6K, a downstream target of
mTOR, was observed dose-dependently in GBM cells. These
findings indicated that AMPK/mTOR/p70S6K pathway was
involved in cucurbitacin I-induced autophagy in GBM cells.
The JAK2/STAT3 pathway positively regulates HIF-1a in
many cancer cell types, such as breast cancer, ovarian cancer,
renal carcinoma, hepatocellular carcinoma, etc. (37—40). We
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wondered whether cucurbitacin I, a JAK2/STAT3 inhibitor,
may inhibit this pathway. As shown in Fig. 4B, cucurbitacin I
inhibited the JAK2/STATS3 cascade and resulted in HIF-1a
down-regulation in a dose-dependent manner.
Down-regulation of HIF-1a Played Pivotal Roles in Cucurbi-
tacin I-induced Autophagy in GBM Cells—W e further investi-
gated the functional role of HIF-1a down-regulation in cucur-
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FIGURE 4. Constitutive activation of AMPK/mTOR/p70S6K and JAK2/
STAT3/HIF-1a signaling was involved in cucurbitacin I-induced
autophagy in GBM cells. Western blot analysis of p-AKT, AKT, p-AMPK,
AMPK, p-mTOR, mTOR, p-p70S6K, and p70S6K (A) and p-JAK2, JAK2, p-STAT3,
STAT3, and HIF-1« (B) expression from lysates of GBM cells treated with dif-
ferent concentrations of cucurbitacin | for 48 h. B-actin served as the loading
control.

bitacin I-induced autophagy. FG-4497 was applied to prevent
HIF-1a from quick degradation in normoxia (41, 42). Intrigu-
ingly, in the presence of FG-4497, U251 cells showed a signifi-
cant decrease in the number of autophagosomes and the per-
centage of cells with GFP-LC3 dots after treatment with
cucurbitacin I, which indicates that overexpression of HIF-1c
might prevent autophagy occurrence after cucurbitacin I treat-
ment (Fig. 5, A and B). To determine further interconnection
between HIF-la and autophagy in GBM cells treated with
cucurbitacin I, a Western blot analysis was performed (Fig. 5C).
Accordingly, in view of our above findings, U251 cells overex-
pressing HIF-1la induced by FG-4497 showed a significant
decrease in the level of conversion of LC3B-II to LC3B-1. In
addition, we found that cucurbitacin I decreased the level of
bcl-2 protein that occurred, along with the induction of
autophagy in U251 cells, and that overexpression of HIF-1«
prevented cucurbitacin I-induced down-regulation of bcl-2 and
autophagy. We then gained further insight into the mecha-
nisms of cucurbitacin I-induced autophagy. Beclin 1 was up-
regulated in cells treated by cucurbitacin I (Fig. 4C). Next, we
examined the effects of knockdown of beclin 1 on cucurbitacin
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I-induced autophagy. As shown in Fig. 5C, compared with the
results in siRNA controls, knockdown of beclin 1 prevented an
increase in the level of LC3-1II by cucurbitacin I. Similar results
were observed after pretreating the cells with 3-methyladenine
(Fig. 5D). It has been reported that bcl-2, a well known antiapo-
ptosis protein that is transcriptionally regulated by HIF-1« (43),
regulates autophagy by binding to beclin 1/hVps34, which leads
to autophagy (44, 45). To determine the biological effect of
cucurbitacin I on the Bcl-2-Beclin 1 (hVps34) complex, coim-
munoprecipitation was performed to monitor the interaction
of Bcl-2 with Beclin 1/hVps34. We found that, under basal con-
ditions, Bcl-2 and Beclin1/hVps34 coimmunoprecipitated with
each other in U251 cells, whereas the interaction markedly
decreased in cucurbitacin I-treated cells (Fig. 5E).

Inhibition of Autophagy Enhanced Cucurbitacin I-induced
Apoptosis in GBM Cells—Several studies have demonstrated
that autophagy may serve as a protective mechanism in tumor
cells and that therapy-induced cell death can be potentiated
through autophagy inhibition (46, 47). To determine the bio-
logical significance of autophagy on cucurbitacin I-mediated
apoptotic cell death, the autophagy inhibitor CQ was utilized to
prevent autophagy at a later stage. As shown in Fig. 64, CQ
significantly enhanced cucurbitacin I-induced suppression of
GBM cells. In agreement with this observation, cucurbitacin
I-induced apoptotic cell death was augmented in the presence
of CQ, which was demonstrated by cell death detection
ELISA™* assay (Fig. 6B) and TUNEL assay (Fig. 6 C).

Considering the effects of CQ on lysosomes that are inde-
pendent of autophagy, a genetic approach was applied to block
the formation of autophagosomes by knocking down the
expression of beclin 1 through RNA interference. A CCK-8
assay was utilized to determine cell viability, and a cell death
detection ELISA™™* assay was performed to examine the apo-
ptosis level in GBM cells. Our data demonstrated that silencing
the expression of beclin 1 markedly enhanced the cucurbitacin
I-induced inhibition of GBM cells growth (Fig. 6D) and pro-
moted apoptotic cell death (Fig. 6E). These findings indicate
that cucurbitacin I-induced autophagy plays a protective role
against apoptotic cell death and that inhibition of cucurbitacin
I-induced autophagy enhanced the potential for apoptosis after
cucurbitacin I treatment in GBM cells.

CQ Enhanced Cucurbitacin I-induced Tumor Growth Inhibi-
tion in a Xenograft Tumor Model—To further determine
whether autophagy blockade can enhance the effects of cucur-
bitacin I in vivo, the impact of the cucurbitacin I/CQ combina-
tion on the growth of U251 xenografts was determined. No
major side effects were noted throughout the study. As shown
in Fig. 7A, average tumor volumes at the end of the study were
as follows: control, 616 mm? (#+ 130); CQ, 580 mm? (* 107);
cucurbitacin I, 346 mm? (* 79); and combination, 220 mm? (+
62). Although no statistically significant difference was found
between the CQ and control arms (p = 0.25), the differences in
tumor volume between the cucurbitacin I and control, combi-
nation and control, and combination and cucurbitacin I arms
were significant (p < 0.05). Furthermore, combination-treated
tumors exhibited a significantly (» < 0.01) lower average tumor
weight at study termination than the control (Fig. 7B). More-
over, there was no effect on the body weights of mice (Fig. 7C).

JOURNAL OF BIOLOGICAL CHEMISTRY 10613



Protective Autophagy Induced by Cucurbitacin |

Cucurbitacin |

FG-4497

Cucurbitacin |

FG-4497

D si-Beclin 1

Cucurbitacin |

LC3-I
LC3-II

Beclin 1

B-actin

E 3-MA

Cucurbitacin |

LC3-I
LC3-II

Beclin 1

B-actin

- +
+..

GFP-LC3-positive cells (%)

- +

- +
-+ +

m——
— —

1.0 2.4 0.3 0.5
|—‘ — |
1.0 2.8 0.5 0.2

- a» e |
- - + +
-+ -+

1.0 3.2 0.3 0.2
l-- — ""I
1.0 3.5 0.4 0.3
o e - -

10614 JOURNAL OF BIOLOGICAL CHEMISTRY

223
t=]
]

8

n
d

0-

[ control

FG-4497

Cucurbitacin |

I Cucubitacin||

*¥k

+

FG-4497

F

IP:
Beclin 1

hVps34

Input: Bcl-2

IP:
hVps34

LC3-I
LC3-1I

HIF-1a
Bcl-2

B-actin

IgG

-
o

Autophagosome
number per cell

[ control
Il Cucubitacin|

ok

-
=)

- -+ 4

—— - —

1.0 1.0 2.2 0.4
[ - |
1.0 2.4 0.5 0.3

- e - -
1.0 0.9 0.1 0.3

| - ann e |

Bcl-2

| o]

|

| [o= =9

LT

IgG

Beclin 1

|

| =

Input: Beclin 1 [ wss| [ s

IP:

Beclin 1
Input: hVps34

Cucurbitacin |

IgG

hVps34

|

| [ o]

[\ iy |

-+

ACEVEN

- 4+

VOLUME 289-NUMBER 15-APRIL 11,2014



Protective Autophagy Induced by Cucurbitacin |

A U251 T98G
&- 120-
- @
8- _ 1004 O -
B = | -
= 81 > 80
E o 3 60
g ° s
2 Q- 2 401
3 g
° g 20-
o - 0-

Cucurbitacinl © o & N Cucurbitacinl © » & & &
B et Dus C_w =
o . [l T98G < *

n
g 601 2 60
[} (%]
=l o
< 40 2 a0
L a
g g
8=
o 204 -1 204
[}
g 2
< |l F ool
CQ(25uM) - + - + - + - + CQ(25uM) - + - + - + - +
Cucurbitacin 1(100nM) - - + + - - + + Cucurbitacin I(100nM) - - + + - - + +
D U251 T98G
1204 Cucurbitacin | 1204 Cucurbitacin |
100+ _ 1004 *
;; 804 T | :2' 804
% 60 g 60
- >
= 40 = 404
3 ]
3 o
20 20
0- 0-
NN N LSNP0
\}QO &‘o (\Q \.}Qo é\,}o *\(‘ \>Q o&é o\\(‘ \«\Q oéé \\Q
€ o L o & & & &
& g & & @ & o &
E U251 T98G
E 1004 Sucurbiaein E 100 Cucurbitacin |
c c _—
0 * 0 .
E S 80
g @ g
3 3 e
< ™ <
[0 i K} i
2 40 2 40
2 2
o 204 O 204
=% o
o o
Q. o . o
. e & N.L o N < O & N O O N
NI SRS W &S &S
&L o &L o &L of &L of
& & & < & S g

FIGURE 6. Inhibition of autophagy enhanced cucurbitacin I-induced apoptosis in GBM cells. A, a CCK-8 assay was performed to assess cell viability in GBM
cells treated with different concentrations of cucurbitacin | in the presence or absence of CQ for 48 h. Data are mean * S.D. *, p < 0.05 compared with the
control group. B, apoptotic ratios were assessed by cell death detection ELISA”"“* assay in GBM cells treated with cucurbitacin | in the presence or absence of
CQ for 48 h. Data are mean = S.D. **, p < 0.01. C, apoptotic ratios were assessed by TUNEL assay in GBM cells. Data are mean = S.D. *, p < 0.05. GBM cells
transiently transfected with control siRNA and Beclin 1 siRNA were treated with cucurbitacin | (100 nm) for 48 h. D, a CCK-8 assay was performed to assess cell
viability. £, apoptosis was assessed by cell death detection ELISAP" assay. Data are mean =+ S.D.*, p < 0.05.

FIGURE 5. Down-regulation of HIF-1« played pivotal roles in cucurbitacin I-induced autophagy in GBM cells. A, autophagosomes (arrows) in U251 cells were
observed using transmission electron microscopy. In the absence or presence of FG-4497 (50 um), U251 cells were treated with cucurbitacin | (200 nm) or DMSO
(<0.1%) for 48 h. N, nucleus. Data are mean = S.D. **, p < 0.01. B, pSELECT-GFP-LC3 transfection showed LC3 punctates in U251 cells treated with DMSO (<0.1%),
FG-4497 (50 um), or cucurbitacin | (200 nm) or cotreated with cucurbitacin land FG-4497 for 48 h. Data are mean = S.D.**, p < 0.01.C, a Western blot analysis was utilized
to analyze the expression of LC3B, HIF-1«, and Bcl-2 from lysates of U251 cells treated with cucurbitacin | (200 nm) or DMSO (<0.1%) in the absence or presence of
FG-4497 (50 um) for 48 h. D, a Western blot analysis was utilized to analyze the expression of LC3B and Beclin 1 in Beclin 1 knockdown or non-Beclin 1 knockdown U251
cells in the absence or presence of 200 nm cucurbitacin | for 48 h. E, Western blot analysis showing expression of LC3B and Beclin 1in U251 cells treated with 200 nm
cucurbitacin | or DMSO (<0.1%) in the absence or presence of 20 nm 3-methyladenine for 48 h. B-actin served as the loading control in the Western blot analysis. F,
coimmunoprecipitation analysis of Bcl-2 and Beclin 1/hVps34 in U251 cells treated with 200 nm cucurbitacin | or DMSO (<0.1%) for 48 h. IP, immunoprecipitation.
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Finally, a pronounced decrease in tumor cell proliferation
(Ki67) and increase in apoptosis (TUNEL) were noted in
combination-treated xenografts (Fig. 7D). These data reca-
pitulated the observations made in vitro and showed that
autophagy blockade sensitized the cucurbitacin I killing
effect on GBM.

DISCUSSION

Novel therapeutic strategies that efficaciously target GBM
are needed desperately to improve the currently unfavorable
outcome of GBM patients. Multiple studies have provided
compelling evidence of a critical role for aberrant JAK2/STAT3
pathway signaling in these aggressive malignancies (15-18). In
this study, we first showed apoptotic cell death in GBM after
cucurbitacin I treatment. Second, we offered that protective
autophagy was induced in GBM treated with cucurbitacin I.
Third, we explored the mechanisms by which autophagy was
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induced by cucurbitacin I. Finally, we studied the biological role
of autophagy in the response of GBM cells to cucurbitacin I.

There is alot of evidence showing that cucurbitacin I, a selec-
tive inhibitor of JAK2/STAT3, inhibits tumor cell survival,
growth, and invasion in a large group of GBM (48 -50). As
found previously, our findings showed that cucurbitacin I sig-
nificantly suppressed GBM growth and induced apoptosis
through regulating bcl-2 family proteins in vitro and in vivo.
Moreover, a slight effect was observed on human astrocytes
after cucurbitacin I treatment.

Autophagy maintains cancer survival under metabolic stress
conditions and mediates resistance to anticancer therapies
such as radiation and chemotherapy (19, 51). Numerous anti-
cancer agents have been reported to trigger cellular autophagy.
In this study, the appearance of characteristic autophagosomes,
pronounced conversion of LC3-I to LC3-II, massive accumula-
tion of LC3B and GFP-LC3 punctuates, as well as LC3B expres-
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sion increase on tumor sections provided strong evidence that
autophagy was induced after cucurbitacin I treatment.

Notwithstanding mTOR acting as a major checkpoint in sig-
naling pathways regulating autophagy-integrated signaling
through the PI3K/AKT pathway (52), our studies relevant to
the mechanisms of autophagy indicated that the PI3K/AKT
pathway was not involved in cucurbitacin I-induced autophagy.
Phosphorylation of AMPK activates downstream signaling that
leads to mTOR inhibition and triggers autophagy (36). Our data
showed that treatment with cucurbitacin I in GBM cells had a
stronger effect on the activation of AMPK/mTOR/p70S6K sig-
naling, indicating that the AMPK/mTOR/p70S6K pathway is
involved in cucurbitacin I-induced autophagy.

Further investigation documented that cucurbitacin I treat-
ment inhibited the JAK2/STAT3 pathway, accompanied by
decreased levels of HIF-1a, which echoed the findings that the
JAK2/STATS3 pathway positive regulates HIF-1« in a variety of
cancer cell types (37—40). HIF-1« plays an important role in
hypoxia-induced autophagy, requiring specific activation of an
autophagy-inducing molecule, BNIP3, which is activated by
HIF-1 only in hypoxic cells (53). However, under normoxic
conditions, we found that overexpression of HIF-1a induced by
FG-4497 strongly prevented cucurbitacin I-induced autophagy
and down-regulation of bcl-2. Further data indicated that the
interaction of Bcl-2 with Beclin 1/hVps34 in GBM cells was
dissociated under cucurbitacin I treatment. Because bcl-2,
transcriptionally regulated by HIF-1e, inhibits autophagy by
binding to beclin 1/hVps34 (43— 45), our study suggests that a
decrease in bcl-2 resulting from transcription inhibition
because of a cucurbitacin I-induced inhibition of HIF-1« pro-
tein synthesis diminished a bcl-2 and beclin 1/hVps34 associa-
tion, thereby triggering autophagy.

Autophagy is known to have dual functions. On one hand, it
can serve as a cytoprotective mechanism, allowing tumor cells
to survive under conditions of metabolic stress and hypoxia and
to escape anticancer treatment-induced cell death. On the
other hand, autophagy induced by therapeutic interventions
can cause the death of cancer cells that are resistant to apopto-
sis (54, 55). Certain anticancer agents, i.e. sirolimus, phenethyl
isothiocyanate, and nilotinib, can induce autophagic cell death
(56 —58), whereas others, i.e. arginine deiminase, timosaponin
A-III, and AZD8055, exert protective autophagy that antago-
nizes apoptotic cell death (59-61). In this study, we demon-
strated that cucurbitacin I triggered autophagy in GBM cells
both in vitro and in vivo. We found that inhibition of autophagy
by CQ or beclin 1 knockdown markedly increased cucurbitacin
I-induced apoptotic cell death, suggesting that cucurbitacin
I-induced autophagy exerted a mechanism that enabled tumor
cells to survive under anticancer therapy.

CQ, an autophagy inhibitor, prolongs median survival and
decreases the rate of death for patients with GBM (62). Further
experiments were performed to extend our in vivo results to
evaluate the effect of cucurbitacin [ and CQ treatment in mouse
xenograft models. As a result, we recapitulated the observations
made in vitro and showed that autophagy blockade enhances
the anti-GBM treatment effects of cucurbitacin 1.

In conclusion, this study demonstrated that cucurbitacin I
induced autophagy that protected GBM cells from apoptotic
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death involving AMPK/mTOR/p70S6K signaling activation
and decreased HIF-1a. The down-regulation of HIF-1« played
pivotal roles in cucurbitacin I-induced autophagy. We also
demonstrated that autophagy inhibition by knockdown of
beclin 1 or treatment with CQ sensitized GBM cells to cucur-
bitacin I-induced apoptosis. These findings provide advanta-
geous insights for the development of efficacious therapies for
GBM by combining cucurbitacin I and CQ, which might repre-
sent a promising avenue with higher efficacy for GBM patients.
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