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Abstract

Malignant gliomas are common primary tumors of the central nervous system. The prognosis of
patients with malignant glioma is poor in spite of current intensive therapy and thus novel ther-
apeutic modalities are necessary. Bufalin is the major component of Chan-Su (a traditional Chinese
medicine) extracts from the venom of Bufo gargarizan. In this study, we evaluated the growth
inhibitory effect of bufalin on glioma cells and explored the underlying molecular mechanisms. Our
results showed that bufalin inhibited the growth of glioma cells significantly. Mechanistic studies
demonstrated that bufalin induced apoptosis through mitochondrial apoptotic pathway. In addi-
tion, bufalin was also found to induce ER stress-mediated apoptosis, which was supported by the
up- regulation of ER stress markers, CHOP and GRP78, and augmented phosphorylation of PERK
and elF2a as well as cleavage of caspase-4. Downregulation of CHOP using siCHOP RNA at-
tenuated bufalin-induced apoptosis, further confirming the role of ER stress response in mediating
bufalin-induced apoptosis. Evidence of bufalin-induced autophagy included formation of the acidic
vesicular organelles, increase of autophagolysosomes and LC3-Il accumulation. Further experi-
ments showed that the mechanism of bufalin-induced autophagy associated with ATP deleption
involved an increase in the active form of AMPK, decreased phosphorylation levels of mTOR and
its downstream targets 4EBP| and p70S6K |. Furthermore, TUDC and silencing of elF2a or CHOP
partially blocked bufalin-induced accumulation of LC3-Il, which indicated that ER stress preceded
bufalin-induced autophagy and PERK/elF2a/CHOP signaling pathway played a major part in the
process. Blockage of autophagy increased expression of ER stress associated proteins and the ratio
of apoptosis, indicating that autophagy played a cytoprotective role in bufalin induced ER stress and
cell death. In conclusion, bufalin inhibits glioma cell growth and induces interplay between apop-
tosis and autophagy through endoplasmic reticulum stress. It will provide molecular bases for
developing bufalin into a drug candidate for the treatment of maglinant glioma.
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Introduction

Autophagy is an important cellular catabolic  ver, which serves as a critical adaptive response that

process which functions to maintain homeostasis by
degrading excessive or unnecessary proteins and
dysfunctional cellular organelles in living cells [1]. In
eukaryotic cells, autophagy is a key mechanism for
long-lived protein degradation and organelle turno-

recycles energy and nutrients during starvation or
stress [2]. In addition to its important homeostatic
role, this degradation pathway is involved in various
human disorders, including metabolic conditions,
infectious diseases and cancers [3]. Recently, the fron-
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tier of autophagy and cancer has experienced an ex-
plosion of research. Cancer cells may utilize autoph-
agy to enhance fitness to survive with altered metab-
olism in the hostile tumor microenvironment, sug-
gesting deployment of therapeutic strategies to block
autophagy for cancer therapy. On the other hand,
high levels of autophagy might directly lead to au-
tophagic cell death (type II programmed cell death) in
cancers [4]. Indeed, the final life-or-death destiny of
cancer cells is influenced by the interaction of au-
tophagy and apoptosis, which depends on the type,
concentration and duration of chemotherapeutic
drugs as well as the type of cancer cells.

Several independent studies support that au-
tophagy could be induced by unfolded protein re-
sponse (UPR), the major endoplasmic reticulum (ER)
stress pathway [5]. In essence, the UPR functions to
relieve the ER burden by inhibiting protein transla-
tion, reducing the amount of proteins entering the ER
and increasing degradation of misfolded proteins [6].
UPR is primarily regulated by three ER-located sen-
sors such as activating transcription factor 6 (ATF6),
inositol requiring enzyme 1 (IRE1), and PKR-like ER
kinase (PERK). In response to ER stress, ATF6 is
cleaved by site 1 and site 2 proteases (S1P and S2P)
and then migrates to the nucleus to activate the tran-
scription of GRP78. IRE1 initiates gene expression by
processing the mRNA of the transcription factor X
box-binding protein 1 (XBP1) via its endonuclease
activity. PERK phosphorylates a subunit of the eu-
karyotic translation initiation factor 2a (elF2a), lead-
ing to a general reduction in protein synthesis as a
way to counteract ER stress [7]. It also mediates tran-
scriptional activation of Atg5 and LC3 proteins via the
C/EBP homologous protein (CHOP) and activating
transcription factor 4 (ATF4), respectively. Signaling
mechanisms linking ER stress to autophagy vary with
specific stress conditions and organisms [8].

ER stress can trigger the apoptotic machinery,
and ultimately lead to cell death under severe or
chronic stress conditions, for instance, when adaptive
responses are exceeded or a dysfunctional UPR is
unable to correct the balance of ER stress [9]. CHOP is
the best characterized mediator in the transition of ER
stress to apoptosis, which is a key proapoptotic tran-
scription factor induced during ER stress [10]. In ad-
dition to CHOP, caspase-4, an ER-resident caspase, is
another major pro-apoptotic factor that is involved in
ER stress-induced cell death pathway [11].

Bufalin, a soluble digoxin-like immunoreactive
component of Chansu (a traditional Chinese medi-
cine), which is an extract of dried toad venom from
the skin glands of Bufogargarizans or Bufomelanostictus,
can exert growth inhibition, cell cycle arrest, autoph-
agy and apoptosis in hepatocellular carcinoma [12]

and colorectal cancer [13]. Therefore, bufalin may act
as a promising new candidate for adjuvant therapy
against some malignant tumors by activation of cell
death. However, the precise mechanisms remain un-
known and no detailed studies have so far been re-
ported on its action on human glioma cells.

Given the diverse effects described for bufalin in
different model systems, we initiated a study to
measure the changes in cellular protein levels and
activities in response to bufalin treatment to gain
further insight into the metabolic and regulatory
pathways. The results revealed that bufalin induced
mitochondrial-mediated apoptosis, autophagy via the
AMPK-mTOR signaling and PERK/elF2a/CHOP
pathway, endoplasmic reticulum (ER) stress and un-
folded protein response (UPR). This study also un-
veiled the concomitant interplay between these cellu-
lar events and their impact on human glioma cells in
response to bufalin. Analysis of the expression of ER
chaperones and markers of UPR showed that ER sig-
naling pathway may play a pivotal role in modulating
the crosstalk between autophagy and apoptosis in our
cell lines.

Materials and methods

Materials

Bufalin was purchased from Sigma-Aldrich (St.
Louis, MO, USA) and dissolved in dimethylsulfoxide
(DMSO) at 0.4 mM and diluted with fresh medium to
achieve the desired concentration. Caspase-3 colori-
metric assay kit was purchased from BioVision, Inc.
(US.A). 3-Methyladenine (3-MA), 3-(4,5-dimetryl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
fetal bovine serum (FBS), temozolomide (TM), Dihy-
droethidium (DHE), wortmannin (WORT), Chloro-
quine (CQ), monodancylcadaverin (MDC), acridine
orange (AO) and tauroursodeoxycholate (TUDC)
were purchased from Sigma (St. Louis, MO, USA).
Rabbit antibodies specific for Cleaved caspase-3,
Cleaved caspase-4, Cleaved PARP, Bcl-2, Bax, LC3B,
AMPK, p-AMPKa(Thr172), mTOR, p-mTOR, p-4EBP,
p70S6K, p-p70S6K, Atg5, Beclinl, ACC, p-ACC,
CHOP, GRP78, GRP%4, ATF6, PERK, p-PERK, IRElq,
p-IRElq, elF2a, p-elF2a, cytosolic cyto c and GAPDH
were purchased from Cell Signaling Technology (MA,
USA). Horseradish peroxidase-conjugated goat an-
ti-rabbit secondary antibody was obtained from Santa
Cruz Biotechnology.

Cell culture

UB7MG and LN229 glioma cells, obtained from
American Type Culture Collection (Manassas, VA,
USA), were cultured in DMEM medium (Sigma),
supplemented with 10% FBS, 100 units/ml penicillin,
and 100 units/ml streptomycin. The cells were incu-
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bated at 37°C in a humidified atmosphere containing
5% COz inside a CO; incubator.

MTT assay

MTT assay was employed to examine the effects
of bufalin on the proliferation of glioma cells. Briefly,
the cells were seeded in 96-well plates at 5x103
cells/well in 200pl medium. Then the cells in the wells
were treated with various concentrations of bufalin
and cultured for 24 h or 48 h. At the end of culture,
MTT solution (0.5 mg/mL in 20pL PBS) was added to
each well and incubated for 4 h at 37°C. A en-
zyme-labeled instrument (Thermo) was used to
measure the absorbance of each well at 570 nm. Data
were calculated from three independent experiments,
each performed in sextuplicate.

Apoptosis analysis by flow cytometry

Different stages of apoptosis were distinguished
using an Annexin V-FITC/propidium iodide apopto-
sis kit (MACS Miltenyi Biotec). Briefly, cells were
cultured with bufalin at various concentrations for 24
h, and then 1x10¢ cells were harvested, washed twice
with ice-cold PBS. Apoptotic cells were evaluated by
double staining with annexin V-FITC and PI in
binding buffer using by flow cytometry. All experi-
ments were carried out in triplicate.

Investigation of cellular redox state

DHE was used to determine the cellular ROS
level. Single-cell suspensions of cells treated with dif-
ferent concentrations of bufalin (or DMSO as a blank
control, 10pM H>O; for 2h as a positive control) for 24
h were washed and incubated with 1pM DHE at 37 °C
for 30 min. Cells were then washed three times with
probe-free PBS, and the fluorescence intensities of
cells were measured by flow cytometry.

Detection of acidic vesicular organelles

Formation of acidic vesicular organelles (AVOs),
a morphological characteristic of autophagy, was de-
tected by acridine orange (AO) staining. Cells were
stained with 1 pg/ml acridine orange for 20 min and
the samples were observed under a laser scanning
confocal microscopy (excitation, 546 nm; emission,
575/640 nm).

Visualization of autophagic vacuoles

The autofluorescent agent MDC was used as a
specific autophagolysosome marker to analyze the
autophagic process. Glioma cells were treated with 80
nM bufalin or 100 pM temozolomide for 24 h. Au-
tophagic vacuoles were labeled with MDC by incu-
bating cells with 50 pyM MDC in PBS at 37°C for 20
min. After incubation, cells were washed three times
with PBS and immediately analyzed by a laser scan-

ning confocal microscopy (excitation, 390 nm; emis-
sion, 460 nm).

Transfection with small interfering RNA

Cells were seeded at 2 x 105 cells in 6-well plates
24 h before transfection. Then, the cells were trans-
fected with 60 nM of specific or nontargeting siRNA
using Lipofectamine 2000 (Invitrogen, USA) accord-
ing to the manufacturer's instructions. After 6 h, the
opti-MEM was replaced by complete medium, and
cells were incubated for another 48 h. After the incu-
bation, cells were treated with various concentrations
of bufalin for 24h and used for subsequent experi-
ments. The sequences of siRNAs are as follows:
si-CHOP (5'-AAGAACCAGCAGAGGUCACAA-3");
si-Atg5(5'-GGATGAGATAACTGAAAGG-3'); si-AM
PK(5'-AUGAUGUCAGAUGGUGAAU-3"); si-Beclin1(
5'-CAGTTTGGCACAATCAATA-3"); si-elF2a(5'-CAC
AAATTTCCTGAGGTGGAAGA-3'); si-control(5'-GA
GCGCUAGACAAUGAAG-3"). All above siRNAs
were purchased from GenePharma (Shanghai, China).

Measurement of ATP content

ATP level was measured as described previously
[14]. Briefly, control and bufalin-treated cells were
trypsinized and collected, counted in triplicate using a
Coulter Z2 Particle Count and Size Analyzer (Coulter
Corporation, Miami, FL), after that cells
(2,500-104cells/50 ml) were placed in a 96-well plate,
six wells per sample. ATP level was measured by the
luciferinluciferase method using an ATP Biolumines-
cence Assay Kit (CellTiter-Glo Luminescent Cell via-
bility assay, Promega, USA). A standard curve was
generated from indicated concentrations of ATP for
each experiment to reassure the reproducibility of
each experiment. Each experiment was performed in
triplicate.

Western blot analysis

Whole cellular protein was extracted from glio-
ma cells prepared with lysis buffer for western blot-
ting. Briefly, the cells were lysed in RIPA buffer for 30
min on the ice. Protein levels were quantified using
Lowry method. Equivalent amounts of protein (30
pg/lane) were separated by 7-15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to nitrocellulose
blotting membranes. The membranes were blocked in
TBST containing 5% non-fat dry milk (w/v) for 2h,
and then incubated with primary antibodies at 1/1000
dilution overnight at 4°C and corresponding
HRP-conjugated secondary antibodies at room tem-
perature (25°C) for 1 h. Protein bands were visualized
by chemiluminescence detection.
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Statistical analysis

The data were presented as the mean * standard
deviation (SD) from experiments performed in tripli-
cate. The difference between two mean values was
evaluated using the Student's t-test and p < 0.05 was
considered to be statistically significant. The statistical
analyses were performed using the SPSS software 13.0
(SPSS Inc.,Chicago, IL, USA).

Results

Bufalin inhibits the proliferation of glioma cells
and induces mitochondria-mediated apoptosis

MTT analysis showed that bufalin treatment
caused remarkable growth inhibition in a dose- and
time-dependent manner in US87MG cells (Fig. 1A) and
LN229 cells (Supplementary Material: Fig. S1A). To
identify if the bufalin-induced reduction in viability of
glioma cells occurred via apoptosis, Annexin
V-FITC/PI double staining analysis was performed. A
statistically significant dose-dependent increase of
apoptotic cells was observed after exposed to 40nM
(early apoptotic:14.4%; late apoptotic and necrot-
ic:12.6%) and 80nM bufalin (early apoptotic: 22.8%;
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late apoptotic and necrotic:14.8%) for 24 h compared
to DMSO-treated controls (4.5%) (Fig. 1B). Similarly,
bufalin induced apoptosis in LN229 cells was shown
by dose-dependent increase in the number of apop-
totic cells (Supplementary Material: Fig. S1B).

To access if bufalin exposure led to oxidative
stress, we quantified ROS in U87MG cell cultures ex-
posed for 24 h up to 160nM bufalin. As shown in Fig.
1C, bufalin treatment induced a significant
dose-dependent ROS increase compared to control
cells. For the reason that mitochondrial dysfunction is
closely related to oxidative stress [15], we next de-
tected mitochondrial apoptosis-related proteins in
UB7MG cells treated with bufalin. According to our
results, bufalin up-regulated the ratio of Bax/Bcl-2
and enhanced the expression of cytoplasmic cyto-
chrome c and PARP as well as cleaved caspase-3 (Fig.
1D). Besides, as shown in Supplementary Material:
Fig S1C, the levels of cleaved caspase-3 and PARP
were also increased after bufalin exposure for 24 h in
LN229 cells. All these results indicate that mitochon-
drial  apoptosis  pathway  contributes  to
bufalin-induced glioma cell death.
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Figure |. Bufalin inhibits U87MG cell growth and induces mitochondria-mediated apoptosis. A: U87MG cells were treated with various concentrations of bufalin for
24 h and 48 h. Cell viability was determined by MTT assay. Data are presented as mean * SD, n = 3. *p < 0.05 and **p < 0.01 versus control group. B: U87MG cells
were treated with bufalin for 24 h, stained with Annexin V and Pl, and then analyzed by flow cytometry. Results are representative of three independent experiments.
C: Effect of bufalin on cellular ROS production. Results are expressed as a ratio of relative fluorescent intensity. Each bar represents the mean+SD from six ex-
periments. ( *p < 0.05 and**p < 0.0l versus DMSO control ). D: Western blot analysis for the expression of Bcl-2, Bax, cytosolic cytochrome ¢, cleaved PARP and
cleaved caspase-3.

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10

216

Bufalin activates autophagy process in glioma
cells

A series of experiments were performed to shed
light on the autophagic profiles of bufalin. Acridine
orange staining was employed to visualize acidic ve-
sicular organelles in control and bufalin-treated cells.
As shown in Fig. 2A, bufalin treatment markedly el-
evated the quantity of autophagic vacuoles in US7MG
cells. Furthermore, we measured the incorporation of
MDC, which is a marker for mature autophagic vac-
uoles (AVs) such as autophagolysosomes [16]. The
bufalin treatment significantly increased MDC stained
AVs in U87MG and LN229 cells (Fig. 2B, Supple-
mentary Material: Fig S2A), which appeared as dis-
tinct dot-like structures distributed within the cyto-
plasm or localizing in the perinuclear regions. We

A

next analyzed the effect of bufalin on LC3-II protein,
which is considered as a determinate marker of au-
tophagy activation [17]. Cellular lysates from cells
treated with bufalin were analyzed by LC3 western
blotting, showing that LC3-1I (16 kDa) migrated faster
than LC3-1 (18 kDa). An increase in LC3-II protein
level in the lysates of bufalin-treated glioma cells was
confirmed by the western (Fig. 2C, Supplementary
Material: Fig. S52B). In order to monitor autophagy
flux, we introduced chloroquine (CQ), a lysosomo-
tropic reagent, in the study. As shown in Figure 2D,
the difference in LC3-II levels in the presence and
absence of CQ was larger with addition of bufalin,
indicating that autophagic flux is increased by bufalin
treatment.
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Figure 2. Bufalin induces autophagy in U87MG cells. A: Formation of autophagic vacuoles in U87MG cells treated in the nutrient-free (NF) condition or treated with
bufalin for 24 h. B: U87MG cells were treated with 80 nM bufalin for 24 h and stained by MDC. MDC staining of cells treated with temozolomide (TM) was presented
as a positive control. C: Total cell extracts were assayed by western blotting for expression of LC3-I and LC3-Il. D: U87MG cells were treated with bufalin (40 nM)
and/or 20 pM Chloroquine (CQ) for 24 h and then subjected to Western Blot. Relative levels of LC3-Il to LC3-I ratio are indicated in the graphs. Data were quantified
using Image] software (mean+SD, n =3). *5<0.01 and **p< 0.001 versus the control or the bufalin treatment alone.
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Bufalin targets mTOR signaling via AMPK
activation

We demonstrated that bufalin damaged the in-
tegrity of mitochondrial membrane and resulted in
the dysfunction of mitochondria. Mitochondria is the
energy source of cell, which is an important determi-
nant for the formation of autophagosomes [18]. Thus,
bufalin might induce autophagy by affecting cellular
dissipation of energy. To test this possibility, we
monitored changes in cellular ATP level in response
to bufalin. US7MG cells treated with bufalin showed a
significant time-dependent decrease in the level of
ATP (Fig. 3A), thereby suggesting that cellular energy
depletion could be responsible for bufalin-induced
autophagy. The AMP-activated protein kinase
(AMPK) is activated directly by elevation in AMP and
inhibited by high concentration of ATP [19]. It is well
known that one of the major downstream targets reg-
ulated by AMPK is the mammalian target of rapamy-
cin (mTOR) [20]. Thus, we investigated whether
AMPK and mTOR were involved in bufalin-induced
autophagy. Western blot analysis revealed that
bufalin increased AMPK phosphorylation without
affecting the total AMPK level (Fig. 3B) and subse-
quently inhibited the activation of its downstream
targets, such as mTOR, p70S6K, and 4EBP1 (Fig. 3C).
Besides, the upregulation of p-ACC (phos-
pho-acetyl-CoA carboxylase) further confirmed the
activation of AMPK (Fig 3B). We also employed a
knockdown strategy to further assess the impact of
AMPK on bufalin-induced autophagy. As shown in
Figure 3E, bufalin-induced LC3-II formation was at-
tenuated by si-AMPK transfection, confirming a direct
impact of AMPK knockdown on bufalin-induced au-
tophagic process. Moreover, in parallel with the role
of AMPK in down-regulation of mTOR activity, cells
transfected with AMPK siRNA displayed an increase
of mTOR activation, and bufalin-induced inhibition of
mTOR phosphorylation was relatively less pro-
nounced (Fig. 3D). These data indicate that AMPK
and its downstream target mTOR are important me-
diators of bufalin-induced autophagy.

Inhibition of autophagy enhances
bufalin-induced apoptosis

To investigate the role of autophagy in
bufalin-induced cell death, autophagy inhibitors,
3-MA and WORT were introduced. Acridine orange
staining demonstrated that both 3-MA and WORT
suppressed bufalin-induced accumulation of acid
vacuoles in glioma cells (Fig. 4A and D, Supplemen-
tary Material: Fig S4A and B). Western blot analysis
confirmed that co-treatment with 3-MA or WORT
inhibited the conversion of LC3-I to LC-II elicited by
bufalin (Fig. 4B and E), suggesting that 3-MA and

WORT effectively blocked the autophagic effect of
bufalin. Next, MTT assay was employed to assess the
effects of bufalin together with 3-MA or WORT over
cell growth inhibition. In the combination group, the
viability of U87MG and LN229 cells decreased faster
than in the bufalin group, indicating that autophagy
inhibitors enhanced the cytotoxic effect of bufalin in
glioma cells (Fig. 4F, Supplementary Material: Fig
54C). To validate the observation that inhibition of
autophagy affected cell sensitivity to bufalin, we per-
formed Annexin V-FITC and PI double staining as-
say. Flow cytometry analysis showed that the per-
centage of AV*/PI* and AV*/PI cells increased in
combined treatment group than bufalin treatment
group in US87MG cells (Fig. 4G and H). Furthermore,
the co-treatment with autophagy inhibitor augmented
bufalin-induced apoptosis, which was verified by
analysis of the executioners, PARP and caspase 3. In
bufalin-treated group, they were all cleaved into their
specific active forms, and the activity in the
bufalin-treated cells with inhibited autophagy was
significantly higher (Fig. 4C and E). Similar changes of
PARP were also detected in LN229 cells (Supple-
mentary Material: Fig. 54D and E). To further corrob-
orate the data gained by the pharmacological treat-
ment, we used an RNA interference approach to
knock down Atgb and Beclinl genes, respectively.
Under such conditions, bufalin-induced LC3-I to
LC3-II conversion was attenuated with an increase of
PARP cleavage (Fig. 4L and M, Supplementary Mate-
rial: Fig 54G and H). Collectively, these results indi-
cate that bufalin-induced autophagy is a protective
mechanism, and blockage of autophagy aggravates
the bufalin-induced apoptosis.

ER sress-mediated apoptosis is involved in
bufalin induced cell death

Evidence has accumulated from many studies
that ER stress-associated apoptosis could be an intri-
guing candidate to be responsible for cell death in-
duced by anti-tumor agents [21]. To identify whether
ER stress was involved in bufalin induced cell death,
we followed the behavior of some ER stress markers.
There are three ER stress sensors including PERK,
IRE1 and ATF6 that can activate the UPR response
under ER dysfunction [22]. We therefore performed
western blots to check these proteins and found that
p-PERK, p-IREla, p-elF2a and ATF6 fragments in-
creased in a concentration-dependent manner (Fig.
5A). Upon ER stress, GRP78 is released from the UPR
sensors, resulting in the activation and transduction of
UPR signals [23]. As shown in Figure 5B, protein ex-
pression of GRP78 and GRP9%4 increased in a
dose-dependent manner after 24 h of bufalin treat-
ment. Next, we raised the question that whether ER
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stress was involved in apoptosis induced by bufalin.
During ER stress, ATF 6 activates the transcription of
CHOP and ultimately leads to caspase cascade acti-
vation to complete the execution of ER stress-induced
apoptosis [24]. Recent studies have shown that
caspase-4, an ER-resident caspase, is activated in re-
sponse to ER stress. Protein expression analysis
showed that bufalin upregulated CHOP and acceler-
ated cleavage of caspase-4 in U87MG cells (Fig. 5C).
Accordingly, the increases in GRP78, p-PERK, p-elF2a
and CHOP expression in LN229 cells also suggest that
part of the UPR is activated with bufalin (Supple-
mentary Material: Fig. S5). Altogether, these results
indicate that ER stress-associated apoptosis is also
involved in bufalin-induced glioma cell death.
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Knockdown of CHOP expression by
CHOP-specific siRNA was used to further confirm the
role of CHOP in regulation of cell proliferation and
apoptotic death. As shown in Figure 5D,
CHOP-specific siRNA effectively downregulated
CHOP protein levels. Knockdown of CHOP also de-
creased activity of intracellular caspase 3 (Fig. 5D-E)
and reduced cytotoxicity of bufalin to US7MG cells
(Fig. 5F). The average apoptotic percentage of USTMG
cells exposed to 80 nM bufalin for 48 h, decreased
from 53.2% to 21.6% after CHOP knockdown (Fig.
5G-H). These results indicate that CHOP is a pivotal
mediator in ER stress-mediated apoptosis induced by
bufalin.
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Figure 3. Bufalin targets mTOR signaling via AMPK activation. A: ATP levels of cells treated with 40 nM bufalin for 0-72 h. Data are presented as mean+SD, n =3.
*p<0.05, *p<0.01 vs control. B: Cells were incubated with bufalin at various concentrations (0-80nM) for 24 h. The indicated proteins and phosphoproteins were
analyzed by western blotting. C: Cell lysates were prepared from U87MG cells subjected to various doses (0-80nM) of bufalin for 24 h and then analyzed by western
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Bufalin induces autophagy via activation of ER
stress in U87MG cells

The close relationship between ER stress and
autophagy is demonstrated by recent reports showing
that ER stress is a potent inducer of autophagy [25].
To investigate whether ER stress following bufalin
treatment of cells generated an autophagic response,
western blotting was performed to probe the expres-
sion of GRP78 and LC3-II. As shown in Fig. 6A, tau-
roursodeoxycholate (TUDC), an ER stress inhibitor,
reduced the level of GRP78 and attenuated the ex-
pression of LC3-II level induced by bufalin. Con-
sistent with the immunoblotting results, an obvious
reduction in autophagy induction was further con-
firmed by MDC staining. The MDC-positive vacuoles
were relatively sparse and weak in fluorescence in-
tensity in cell cultures co-treated with bufalin+TUDC
when compared with cultures treated with bufalin (24
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h) (Fig. 6B), indicating that incorporation of MDC into
vacuoles was inhibited by TUDC. To further investi-
gate the relationship between autophagy and ER
stress, the expression levels of p-elF2a, GRP78 and
CHOP were determined by western blotting. As
shown in Figure 6C, US7MG cells treated with bufalin
in combination with 3-MA upregulated the expres-
sion of p-elF2a, GRP78 and CHOP compared with the
group treated with bufalin alone. Our findings with
3-MA indicate that autophagy plays a protective role
against bufalin-induced cytotoxicity, probably
through relieving ER stress. These results support the
conclusion that cells exposed to bufalin experience ER
stress that leads to induction of autophagy and sug-
gest that mobilization of the autophagic machinery
might generate a feedback signal needed for full in-
duction of ER stress.

C

Control 3-MA bufalin bufalin+3-MA

E Bufalin
si-SCR + = + %
si-CHOP - + - +
Bufalin - - + +
LC3-ll

* & convol

LCI-WLCI
% of control

selF2a s+SCR s-CHOP

Figure 6. Bufalin induces autophagy through stimulation of ER stress in U87MG cells. A-C: U87MG cells were pretreated or not with 500 uM TUDC (A-B) or with
3 mM 3-MA (C) for | h and further treated with 40 nM bufalin for 24 h. A: Western blot analysis for the expression of LC3 and GRP78. Relative levels of LC3-Il to
LC3-| ratio are indicated in the graphs. Data were quantified using Image] software (mean =SD, n =3). *p<0.05 versus the bufalin treatment alone. B: The number of
MDC-labeled vacuoles was observed using a laser scanning confocal microscope (63X). C: Western blot analysis for the expression of p-elF2a, GRP78 and CHOP.
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Evidence has accumulated that ER stress could
be linked to a persistent activation of the
PERK-elF2a-CHOP axis, which leads to autopha-
gy. To investigate the mechanism underlying ER
stress induced autophagy, specific siRNA directed
against elF2a was utilized in US87MG cells. In the
sielF2a-transfected cells, the baseline levels of phos-
pho-elF2a and elF2a were largely reduced, and im-
portantly, bufalin-induced upregulation of CHOP
was significantly attenuated (Fig. 6D). Similar results
were observed in the effect of bufalin on the conver-
sion of LC3-I to LC3-II in sielF2a-transfected US7MG
cells, which was that knockdown of elF2a effectively
attenuated bufalin-induced LC3-II conversion. We
next determined whether knockdown of CHOP af-
fected bufalin-induced LC3-II expression. The efficacy
of CHOP knockdown was confirmed by western
blotting (Fig. 6C). As illustrated in Fig. 6E, bufalin led
to a marked increase in the level of LC3-II in sicontrol
transfected cells, whereas it failed to promote the
conversion of LC3-I to LC3-II in siCHOP-transfected
cells.  These  results indicate  that the
PERK/elF2a/CHOP signaling pathway is required
for bufalin-induced autophagy in U87MG cells.

Discussion

Malignant gliomas is known as one of the most
lethal tumors in humans and currently, the conven-
tional cancer therapies fail to exert positive effects on
glioma cells [26]. Patients suffering from glioblasto-
mas usually have extremely poor prognosis which
may be partly explained by the low efficiency of tar-
geting their inherent apoptosis-resistant phenotype.
The potential exploitation of a novel therapy is highly
warranted for the treatment of glioma.

The current studies indicate that during tumor-
igenesis, ER stress develops in response to harsh en-
vironmental cues including nutrient starvation, oxi-
dative stress and other metabolic dysregulations of
cells [27]. A group of ER signal transduction path-
ways, collectively termed the unfolded protein re-
sponse (UPR), is evolved to facilitate adaptation to the
changing environment and re-establish ER function
and homeostasis [28]. However, masses of normal
cells do not go through an active “stress” response
and the UPR remains in a state of quiescence. This
difference between tumor and normal cells allows for
the drugs that target ER stress to achieve specificity in
malignant cancer therapy. A variety of anticancer
therapies are associated with the induction of ER
stress in cancer cells, suggesting that strategies de-
vised to stimulate its prodeath function or block its
prosurvival function, could be envisaged to improve
their chemotherapeutic efficiency [29].

Researches on the effect of bufalin on UPR and

ER stress has not been reached, in part because the
broad range of intracellular effects varies in different
cell types. Our results showed that bufalin induced
UPR in glioma cells: increased GRP78 and GRPY%,
cleavage of ATF6, phosphorylation of PERK, IREla
and elF2a. Meanwhile, it was accompanied by the
enhanced expression of CHOP. The CHOP promoter
receives positive input from other components of the
UPR, and the upregulation of CHOP protein can
provoke caspase activation, thus leading to cell de-
mise [30-31]. Deregulated CHOP activity compro-
mises cell viability, and cells deficient in CHOP are
significantly protected from the lethal consequences
of ER stress [32]. In this study, knockdown of CHOP
using CHOP-specific siRNA suppressed the activa-
tion of apoptotic effector caspase 3 and reduced
apoptosis rate of US7MG cells exposed to bufalin.
Murine caspase 12 and human caspase 4 have been
described to be activated by ER stress inducing
agents, and to be responsible for ER-induced apopto-
sis [33]. Besides, cells treated with siRNA targeting
caspase 4 are resistant to ER-stress induced apoptosis
[34]. In agreement with these reports, western blot
analysis revealed that the expression of cleaved
caspase-4 increased in bufalin-treated US7MG cells.
Overall, our data demonstrate the capacity of bufalin
to activate the key proteins of ER stress as well as
ER-associated apoptotic proteins, CHOP and caspa-
se-4. These data preliminarily indicate that bufalin
induces ER-mediated apoptosis.

Proteasomal degradation and autophagy are the
two main mechanisms that are in charge of protein
clearance in the cell. Unlike proteasomal degradation
that digests soluble ubiquitin-conjugated proteins,
autophagy can degrade both soluble and aggregated
proteins [35]. Thus, in order to clear the ER from the
protein aggregates that cannot be degraded by the
proteasome, the UPR may upregulate the autophagy
machinery. Besides, a variety of stress signals such as
nutrient starvation or treatment with anticancer
agents that induce ER stress can also stimulate the
autophagy process [36]. Here we noticed the occur-
rence of autophagy in bufalin-exposed U87MG cells,
as proven by the increased number of MDC labeled
vesicles, acridine orange stained acidic autophagoly-
sosomes and LC3-II accumulation. Autophagy serves
as an alternative energy source in times of nutrient
scarcity [37]. As a key energy sensor, decreased ATP
production initially activates AMPK, which stimu-
lates autophagy under energy-deprived conditions
[38]. Stimulation of AMPK inactivates mTOR through
AMPK-mediated phosphorylation of both TSC2 and
Raptor [39]. Here we found that bufalin treatment
increased phosphorylation of AMPK and inhibited
phosphorylation of mTOR and its downstream tar-
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gets, p70S6K and 4EBP1, which was in accordance
with a decreased ATP level. Moreover, knockdown of
AMPKa attenuated the bufalin induced autophagy.
Considering these results, we suggest that
AMPK/mTOR signaling is tightly involved in
bufalin-induced autophagy in US7MG cells.

The link between ER stress and autophagy has
been investigated only in the last decade, and many
questions concerning the signaling pathways associ-
ating ER stress with autophagy remain largely un-
answered. In this study, TUDC combined with bufalin
downregulated the expression of GRP78 and LC3-II
proteins in US87MG cells, suggesting that autophagy
induced by bufalin might be a consequence of ER
stress. Knockdown of elF2a or CHOP attenuated
bufalin-induced LC3-II conversion, confirming the
involvement of PERK/elF2a/CHOP pathway in
bufalin-induced autophagy. In line with our results,
Talloczy et al [25] found that cells that carry a non-
phosphorylatable mutant of elF2a fail to induce au-
tophagy in response to starvation. Moreover, we used
autophagy inhibitors to better clarify the role of au-
tophagy in ER stress in glioma cells treated with
bufalin. The data demonstrated that ER stress was
enhanced in bufalin-exposed cells when autophagy
was blocked by inhibitors. It is worth noting that
several researches have reported that 3-MA and
WORT, also known as the phosphatidylinositol
3-kinase (PI3K) inhibitors, inhibit both autophagy and
the UPR, indicating that ER stress-induced UPR op-
erates through a pathway in which PI3K plays a role
[40]. Our results unveiled that blocking PI3K activity
failed to prevent the induction of GRP78, implying
that PI3K activity was not neccessary to transduce ER
stress signaling in bufalin-treated glioma cells. All
together, we conclude that ER stress especially the
PERK/elF2a/CHOP pathway is responsible for the
autophagic response and the activation of autophagy
alleviates ER stress, which might act as a self-defense
mechanism.

However, there is no doubt that the underlying
mechanisms of bufalin in glioma therapy still need
further investigation. For example, Bcl-2 family
members are widely distributed in ER, particularly
Bcl-2, which has been shown to be responsible for
maintaining Ca?* homeostasis and regulating protein
folding in ER [41]. In addition, the Bcl-2 family pro-
teins are closely associated with the IRE1/JNK path-
way, which also participates in ER stress-mediated
autophagy [42]. Thus, further exploration to identify a
potential molecular player of the cross-talk among
apoptosis, autophagy and ER stress may be fascinat-
ing.

In summary, we focuse on the impact of simul-
taneous initiation of apoptosis, autophagy and ER

stress following bufalin treatment, also providing
understanding of their interplay in glioma cells. This
study unveils that both mitochondrial- and ER medi-
ated apoptosis are involved in glioma cell death in-
duced by bufalin. In addition to apoptosis, bufalin
also induces autophagy by activating AMPK/mTOR
pathway and PERK/elF2a/CHOP pathway, which
alleviate ER stress and might play a cytoprotective
role. Inhibition of autophagy potentiates the
proapoptotic effect of bufalin, suggesting appropriate
regulation of autophagy is necessary for sensitizing
tumor cells to anticancer therapy. Further study could
be ongoing to define optimal strategies to modulate
ER stress for cancer treatment since ER stress can be
involved in both apoptosis and autophagy.
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