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Abstract

Purpose BO-1051 is an N-mustard derivative that is

conjugated with DNA-affinic 9-anilinoacridine. Since BO-

1051 was reported to have strong anticancer activity, we

investigated the effect and underlying mechanism of BO-

1051 in human glioma cell lines.

Methods Human glioma cell lines U251MG and U87MG

were studied with BO-1051 or the combination of BO-1051

and autophagic inhibitors. Growth inhibition was assessed

by MTT assay. Apoptosis was measured by annexin V

staining followed by flow cytometry and immunoblotting

for apoptosis-related molecules. Induction of autophagy

was detected by acridine orange labeling, electron

microscopy, LC3 localization and its conversion. Trans-

fection of shRNA was used to determine the involvement

of Beclin1 in apoptotic cell death.

Results MTT assay showed that BO-1051 suppressed the

viability of four glioma cell lines (U251MG, U87MG,

GBM-3 and DBTRG-05MG) in a dose-dependent manner.

The IC50 values of BO-1051 for the glioma cells were

significantly lower than the values for primary neurons

cultures and normal fibroblast cells. Moreover, BO-1051

not only induced apoptotic cell death, but also enhanced

autophagic flux via inhibition of Akt/mTOR and activation

of Erk1/2. Importantly, suppression of autophagy by

3-methyladenine or bafilomycin A1 significantly increased

BO-1051-induced apoptotic cell death in U251MG and

U87MG cells. In addition, the proportion of apoptotic cells

after BO-1051 treatment was enhanced by co-treatment

with shRNA against Beclin1.

Conclusions BO-1051 induced both apoptosis and

autophagy, and inhibition of autophagy significantly aug-

mented the cytotoxic effect of BO-1051. Thus, a combi-

nation of BO-1051 and autophagic inhibitors offers a

potentially new therapeutic modality for the treatment of

malignant glioma.
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Introduction

Malignant glioma is the most common primary brain tumor

and is associated with a high degree of morbidity and mor-

tality. Among gliomas, glioblastoma multiforme (GBM) is

the most malignant subtype. Regardless of advances in

diagnosis and glioma treatment, the median life for patients

with GBM is slightly greater than 1 year [1]. Removal of

malignant glioma by surgical resection is usually not feasible

due to highly diffuse infiltrative growth. Most patients

relapse within months after complete chemo-radiotherapy.

Therefore, it is urgent that effective chemotherapeutic agents

for the treatment of malignant gliomas be developed.

DNA alkylating agents are commonly used to treat a

variety of cancers due to the direct cytotoxic effects of

these agents to produce DNA lesions [2]. Despite their

clinical importance, the progress and utility of DNA-

modifying drugs are often limited due to their low tumor

specificity, high chemical reactivity, and the induction of

bone marrow toxicity [2, 3]. To overcome these limitations,

we synthesized DNA-directed alkylating agents by linking

the alkylating pharmacophore to the DNA-affinity mole-

cules [4–6]. BO-1051 is a DNA-directed alkylating com-

pound, in which the phenyl N-mustard residue is linked to

DNA-intercalating 9-anilinoacridine via a urea spacer

(Fig. 1a). A previous study revealed that BO-1051 pos-

sesses broad-spectrum anti-tumor effects in vitro without

cross-resistance to taxol or vinblastine [4]. Furthermore, we

recently found that BO-1051 can effectively enhance the

radiosensitivity of glioma cells in vitro and in vivo [7].

Besides, it has the capacity of penetrating the blood–brain

barrier (unpublished data) and a long half-life in rat plasma

[4]. However, the underlying mechanisms of BO-1051

activity and toxicity in the treatment of malignant glioma

are still unclear.

Macroautophagy, hereafter referred to as autophagy, is a

dynamic process with an important role not only in the

recycling of cytoplasmic constituents to support metabo-

lism but also in overcoming adverse conditions to prevent

the accumulation of damaged, toxic proteins and organ-

elles. A growing amount of evidence has shown that

autophagy can be induced in cancer cells that are resistant

radiotherapy and chemotherapy [8]. In glioma cells,

autophagy appears to function as a protective mechanism

against cellular stress [9–12]; however, the induction of

autophagy still plays a pivotal role in cell death induced by

some drugs [13–15]. Therefore, whether autophagy helps

to kill glioma cells or to sustain their survival under

stressful conditions remains controversial [8, 16]. To

enhance the efficacy of anticancer therapy, it is critical to

clarify the role of autophagy.

Recent reports suggest that autophagy and apoptosis are

often induced by the same stimuli and that they share

similar effectors and regulators, suggesting complex cross-

talk between these two processes [17]. Apoptosis and

autophagy are known to occur as a result of chemotherapy

[8]. Therefore, we investigated the ability of BO-1051 to

induce cytotoxicity, apoptosis, and autophagy in glioma

cells. The underlying mechanisms and the relationship

between autophagy and apoptosis were also examined.

Elucidating the mechanism of tumor cell death may have

therapeutic implications in the treatment of malignant

gliomas.

Materials and methods

Reagents

1-{4-[bis(2-chloroethyl)amino]phenyl}-3-[2-methyl-5-(4-

methylacridin-9-ylamino)phenyl]urea (BO-1051, Fig. 1a)

was kindly supplied by Dr. Su, TL [4], and dissolved in

DMSO. Final DMSO concentration in medium is \0.1%

volume. Acridine orange (AO), 3-methyladenine (3-MA),

and bafilomycin A1 (BfA1) were purchased from the

Sigma Chemical Co. (St. Louis, MO, USA), and benzyl-

oxcarbonyl-Val-Ala-Asp-fluoromethyl ketone (z-VAD-

fmk) was purchased from Promega (Madison, WI, USA).

Cell lines and culture

Human malignant glioma cell lines (U251MG, U87MG

and DBTRG-05MG), medulloblastoma cell lines (D283

Med and Daoy), human astroglia cells (SVG p12), and

primary GBM-3 cell line [7] were cultured in DMEM

(GIBCO, Grand Island, NY, USA) supplemented with 10%

fetal bovine serum (GIBCO), 4 mM glutamine, 100 units/

ml penicillin, and 100 lg/mL streptomycin (GIBCO) under

standard culture conditions (37�C, 95% humidified air and

5% CO2). Hippocampal neurons were isolated from pri-

mary cultures of rat brains using Fu’s method [18].

Cell viability assay

Cell viability was evaluated using a modified MTT (Sigma-

Aldrich) assay. Briefly, 2 9 104 cells were plated in

24-well plate and treated with different concentrations of

BO-1051 (0–10 lM) for 48 h. Culture medium was then

replaced with 400 lL of fresh medium containing 100 lg/

mL MTT for 2 h, and the formazan crystals of the cells

were then dissolved in DMSO (Sigma-Aldrich). MTT

values were measured at 570 nm using a microplate reader.
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The absorbance of the untreated cells represented 100%

viability. The 50% inhibitory concentration (IC50) was the

concentration that caused a 50% decrease in the optical

density with respect to untreated cells.

Apoptosis detection assay

Apoptosis in BO-1051-treated glioma cells was detected

using a FITC-conjugated annexin V kit (BD Biosciences,

Fig. 1 Dose-dependent effects of BO-1051 on the viability and

apoptosis in U251MG and U87MG cells. a The chemical structure of

BO-1051. b Malignant glioma (U87MG, U251MG, GBM-3 and

DBTRG-05MG), medulloblastoma (D283 Med and Daoy), SVG p12

cells, and primary neurons were treated with BO-1051 (0–10 lM) for

48 h, and cell viability was determined by MTT assay. c U251MG

and U87MG cells were treated with different concentrations of

BO-1051 for the indicated times. Cells were harvested and stained

with annexin V-FITC and PI followed by flow cytometric analysis.

*P \ 0.05. d U251MG and U87MG cells were treated with DMSO or

2.5 lM BO-1051 for the indicated time, and cell lysate was subjected

to Western blot analysis using antibodies against cleaved caspase-3

and cleaved PARP. b-actin expression was measured as a loading

control
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Bedford, MA, USA). Inhibitors of autophagy, such as

3-MA (5 mM) and BfA1 (10 nM), were added to the

culture medium 1 h before BO-1051 treatment. After

treatment, cells were harvested and stained with annexin

V-FITC and PI according to the manufacturer’s instruc-

tions. Cell death was measured using a flow cytometer

and analyzed using CellQuest software (Becton–

Dickinson).

Fig. 2 BO-1051 induced autophagy in U251MG and U87MG cells.

a, b Cells were incubated with DMSO or 2.5 lM BO-1051 for 48 h.

a Representative images were taken on a phase-contrast microscope.

Arrows denote vacuoles within the cells. Scale bars 50 lm. b,

c Glioma cells were treated with 2.5 lM BO-1051 for 48 h and

stained with AO. Cells were then observed using a fluorescence

microscope (b). Scale bars 20 lm. The percentage of cells with

AVOs was quantified by flow cytometry (c). *P \ 0.05. d Ultrastruc-

tural features of U251MG cells in nutrient-free conditions (starvation

for 12 h) or treated with BO-1051 (2.5 lM) for 48 h. Cells were

harvested, fixed, and observed using an electron microscope. N rep-

resents the nucleus, and arrows indicate autophagic vacuoles. Scale
bar 2 lm. e U251MG cells were treated with various concentrations

of BO-1051 for 48 h (I) or treated with 2.5 lM BO-1051 for indicated

the time (II). Whole cell lysate was subjected to a Western blot

analysis of the conversion of LC3-I to LC3-II. b-actin and GAPDH

expression were measured as loading controls
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Detection and quantification of acidic vesicular

organelles using acridine orange staining

Autophagy is characterized by the formation of acidic

vesicular organelles (AVOs) [19]. To detect and quantify

AVOs, we stained them with 1.0 lg/mL acridine orange

(AO) for 30 min. Images were obtained using a fluores-

cence microscope. In addition, green (510–530 nm) and

red ([650 nm) fluorescence, which was illuminated with

blue (488 nm) light excitation, was measured using FAC-

SCalibur (Becton–Dickinson) and analyzed using Cell-

Quest software. The fluorescence intensity is proportional

to the degree of acidity and/or the volume of the cellular

acidic compartment.

Transmission electron microscopy

Cells were fixed with a solution containing ice-cold glu-

taraldehyde (3% in 0.1 M cacodylate buffer (pH 7.4)) for

30 min. After fixation, the samples were post-fixed in 1%

OsO4 and embedded in Epon. Ultrathin sections were cut

and stained with uranyl acetate and lead citrate. Repre-

sentative areas were observed under a transmission elec-

tron microscope (TEM; JEOL JEM-2000EXII).

Immunofluorescence of microtubule-associated LC3B

Cells were seeded on cover slips and treated with or

without BO-1051 for the indicated time. After treatment,

cells were fixed with 4% paraformaldehyde, permeabilized

with 0.1% Triton X-100 (Sigma), stained with an anti-LC-3

antibody (Cell Signaling Technology, Beverly, MA, USA),

and visualized with goat anti-rabbit IgG conjugated with

FITC. Cover slips were then mounted with an anti-fade

solution (Dako Corp.; Carpinteria, CA), and cells were

examined using a confocal laser scanning microscope

(CLSM, LSM 5 Pascal, Zeiss, Germany) with a 63X oil

objective (NA = 1.4, Zeiss) on an inverted microscope

(Axiovert 200 M, Zeiss). To excite the FITC and PI, a

488 nm and a 543 nm laser were used, respectively.

Western blot analysis

Western blot analysis was performed as described previ-

ously [20]. The protein concentration of cell lysate was

measured using a protein assay kit (Bio-Rad Laboratories,

Hercules, CA, USA). Twenty micrograms of total protein

was separated by SDS–PAGE and transferred to nitrocel-

lulose membranes (Pall Corporation, MI, USA). Mem-

branes were probed with antibodies against LC3 (Cell

Signaling Technology), Beclin1 (Sigma), p62 (Progen

biotechnik, Heidelberg, Germany), cleaved PARP, cleaved

caspase-3, phospho-Akt, Akt, phospho-mTOR, mTOR,

phospho-p70S6K, p70S6K, phospho-4EBP1, 4EBP1,

phospho-ERK1/2, ERK1/2 (Cell Signaling Technology),

and b-actin (Millipore Corporation, Milford, MA, USA).

Assessment of the mitochondrial membrane potential

Changes in the mitochondrial membrane potential were

measured using tetramethylrhodamine, ethyl ester per

chlorate (TMRE, Molecular Probe Inc., Eugene, OR, USA)

coupled with flow cytometry. Glioma cells were treated

with BO-1051 at different concentrations for 48 h. After

treatment, cells were stained with 200 nM TMRE for

20 min at 37�C and collected for fluorescence analysis.

shLuc and shBeclin1 expression constructs

and lentiviral transduction

Lentiviral plasmids harboring a puromycin-resistance gene

and Beclin1-targeted shRNA (TRCN0000033549 (shBeclin1

A01) and TRCN0000033550 (shBeclin1 B01)) were obtained

from the National RNAi Core Facility at Academia Sinica,

Taiwan. The sequences of shBeclin1 A01 and shBeclin1

B01 correspond to nucleotides 889–909 and 984–1004 of

the Beclin1 mRNA, respectively [20]. U251MG cells were

plated and transduced with shBeclin1 A01, shBeclin1 B01,

or control plasmid shLuc (pLKO.1-shLuc) for 48 h. Stable

clones were established by puromycin selection (2 lg/mL)

for at least 14 days, and the knockdown efficiency was

evaluated by Western blot analysis.

Statistical analysis

Values are expressed as the mean ± standard error of the

mean. All experiments were repeated at least 3 times.

Statistical analysis was performed using an unpaired Stu-

dent’s t test, and a P value of less than 0.05 was considered

statistically significant.

Results

Dose-dependent effects of BO-1051 on the viability

and apoptosis in glioma cells

BO-1051, a phenyl N-mustard-9-anilinoacridine conjugate,

induces significant DNA inter-strand cross-linking and

possesses potential anticancer activity [4, 7]. The under-

lying mechanism of BO-1051-induced cell death, however,

has not been determined in glioma. To examine the anti-

tumor effects of BO-1051, malignant glioma cell lines

(U87MG, U251MG, GBM-3 and DBTRG-05MG), medul-

loblastoma cell lines (D283 Med and Daoy), human

astroglia cell line (SVG p12), and primary neuron cells
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were treated with BO-1051 at concentrations ranging from

0 to 10 lM for 48 h, and cell viability was determined

using a MTT assay. As shown in Fig. 1b, BO-1051 sig-

nificantly inhibited cell viability in every type of tumor cell

in a dose-dependent manner. The IC50 values for brain

tumor cells (IC50: 0.91–4.38 lM) were significantly lower

than the values for human astroglia cells, primary neuron

cells, and normal fibroblasts (IC50: [10 lM) (Supplemen-

tal table 1).

After 48 h of treatment with BO-1051, glioma cells

displayed an apoptotic morphology including plasma

membrane blebbing and cell shrinkage. Early apoptosis

was detected in U251MG and U87MG cells treated with

BO-1051 by annexin V-FITC staining. As shown in

Fig. 1c, treatment with BO-1051 induced cellular apoptosis

in a dose- and time-dependent manner. A significant

number of apoptotic cells were detected in U251MG and

U87MG cells after 48 and 72 h of BO-1051 treatment,

whereas less than 5% apoptotic cells was detected after a

short-term treatment (data not shown). Consistent with this

observation, the cleaved form of caspase-3 and PARP was

also detected in U251MG and U87MG cells treated with

BO-1051 for 48 h (Fig. 1d). These results indicated that

apoptosis was induced by BO-1051 in glioma cells.

Induction of autophagy in BO-1051-treated

glioma cells

Notably, treatment of U251MG and U87MG cells for 48 h

with 2.5 lM BO-1051 resulted in the vacuolization of the

cytoplasm (Fig. 2a), and the number and size of vacuoles

increased gradually with time. Consistent with above

observations, an increased side scatter profile was observed

in BO-1051-treated cells by flow cytometry, revealing

dramatic changes in the cellular granularity (data not

shown). Previous studies showed that malignant glioma

cells undergo autophagy in response to radiation or che-

motherapeutic agents, such as temozolomide and arsenic

trioxide [11, 21–24]. To assess whether BO-1051-induced

vacuoles were autophagic, we examined the autophagy-

inducing effects of BO-1051 using the following assays.

First, we determined AVO formation in BO-1051-treated

cells using AO staining. As shown in Fig. 2b, vehicle-

treated (DMSO) U251MG and U87MG cells displayed

diffuse green fluorescence with minimal red fluorescence.

In BO-1051-treated cells, numerous AVOs, characterized

by red fluorescence, accumulated in acidic compartments,

and formed dot-like structures, which were distributed

within the cytoplasm and localized to perinuclear regions

(Fig. 2b). Moreover, flow cytometry was performed to

quantify AVO formation in BO-1051-treated cells. As

indicated in Fig. 2c, the number of AVOs was significantly

increased in U251MG and U87MG cells treated with BO-

1051 in a time-dependent manner as compared to control

cells. In addition, ultra-structure analysis of BO-1051-

treated U251MG cells was performed using a TEM. As

shown in Fig. 2d, autophagic vacuoles with residual

digested materials similar to starvation-induced auto-

phagosome were observed in BO-1051-treated U251MG

cells, whereas DMSO-treated cells lacked these features.

Furthermore, we performed Western blot analysis to

evaluate the amount of LC3-I and LC3-II, an indicator of

autophagy, because the conversion of the LC3 from the

unconjugated form (LC3-I, 18 kDa) to the phosphatidy-

lethanolamine-conjugated form (LC3-II, 16 kDa) corre-

lates with autophagosome formation. The data indicated a

dose- and time-dependent increase in autophagy-specific

LC3-II in BO-1051-treated U251MG cells compared with

control cells (Fig. 2e). Together, these results indicate that

BO-1051 indeed induced autophagy, which was manifested

in cells by vacuolization and LC3-II accumulation.

Effects of 3-methyladenine (3-MA) or bafilomycin A1

(BfA1) on BO-1051-induced autophagy in malignant

glioma cells

Next, we investigated whether BO-1051-induced autophagy

could be inhibited by the autophagy inhibitors 3-MA and

BfA1, which inhibit autophagic sequestration during early

stage autopahgy and inhibit the fusion of the autophagosome

and lysosome during late stage autophagy, respectively [8].

U251MG cells co-treated with BO-1051 and an autophagy

inhibitor were stained for AO. As shown in Fig. 3a, treatment

with 3-MA or BfA1 significantly attenuated BO-1051-

induced AVO formation. The inhibitory effects of 3-MA

(Fig. 3b) and BfA1 (data not shown) on the proportion of

AO-positive cells were analyzed by flow cytometry. Nearly

half of the U251MG cells treated with BO-1051for 48 h

contained AVOs (44.4%), while only 7% of DMSO-treated

Fig. 3 The effects of autophagic inhibitors, 3-methyladenine

(3-MA), and bafilomycin A1 (BfA1), on BO-1051-induced autoph-

agy. a–c Inhibitory effects of 3-MA (5 mM) or BfA1 (10 nM) on BO-

1051-induced AVO formation in U251MG cells. Cells were treated

with 3-MA (I) or BfA1 (II) 1 h before the addition of 2.5 lM BO-

1051. After 48 h, cells were stained with AO followed by observation

under a fluorescence microscope (a) or quantification by flow

cytometry (b, c). FL1-H indicates green color intensity, whereas

FL3-H shows red color intensity. *P \ 0.05. Scale bars 20 lm. d 3-

MA suppressed BO-1051-induced LC3 puncta formation. U251MG

cells were pretreated with 3-MA (5 mM) 1 h prior to treatment with

BO-1051 (2.5 lM) for 48 h followed by immunostaining of LC3

(green fluorescence) and PI (red fluorescence). Scale bars 20 lm. e 3-

MA treatment reduced BO-1051-dependent conversion of LC3-I to

LC3-II. U251MG cells were pretreated with 3-MA 1 h before BO-

1051 treatment. After 48 h incubation, cells were lysed and Western

blot analysis was performed to determine LC3 expression. f U251MG

cells were treated with BfA1 1 h before the addition of 2.5 lM BO-

1051. After 48 h or indicated time, Western blot analysis was

performed to measure LC3 and p62/SQSTM1 expression

c
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cells showed AVO formation. The percentage of AVO-

harboring cells was decreased to 16.0 and 1.4% in the pres-

ence of 3-MA and BfA1 for 48 h, respectively (Fig. 3c). The

inhibitory effects of 3-MA and BfA1 were also observed

after 24-h incubation. To further study the effects of auto-

phagic inhibitors on BO-1051 treatment, LC3 punctations,
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which are localized to the autophagosome membrane, were

detected by immunofluorescence. As demonstrated by a

confocal fluorescence microscope in Fig. 3d, immuno-

staining showed a homogenous cytosolic distribution of LC3

in the DMSO-treated U251MG cells. However, a predomi-

nant LC3 signal was detected in the cytoplasm, where it

exhibited a punctate pattern after treatment with 2.5 lM BO-

1051 for 48 h. The combination of BO-1051 and 3-MA

reduced LC3 puncta formation. Consistent with this data,

Western blot analysis of LC3-II conversion demonstrated

that the BO-1051-dependent effects were inhibited by 3-MA

(Fig. 3e). To determine whether the BO-1051-dependent

effects on the accumulation of LC3 puncta and LC3-II were

due to increased autophagy or inhibition of autophagosome

degradation [25], the lysosomal acidification blocker BfA1

was used to inhibit autophagic flux. Whereas proteolysis

inhibition by BfA1 increased LC3-II levels in U251MG

cells, co-treatment with BO-1051 and BfA1 enhanced the

BO-1051-triggered conversion of LC3-II (Fig. 3f). In addi-

tion, treatment with BO-1051 reduced the expression of p62

(Fig. 3f), a protein selectively degraded during autophagy

[26]. These observations indicate that BO-1051 increased

autophagic flux as opposed to the inhibition of LC3-II

degradation.

BO-1051 inhibits Akt/mTOR signaling

and activates Erk1/2 signaling

To understand how autophagy is activated during BO-1051

treatment, we examined the activity of Akt/mTOR, a

negative regulator of autophagy. We assessed the phos-

phorylation status of Akt/mTOR as well as two well-

characterized substrates of mTOR, p70S6K and 4EBP1 by

Western blot analysis. As demonstrated in Fig. 4, treatment

with BO-1051 for 12–48 h significantly suppressed the

phosphorylation of Akt at Ser 473, phosphorylation of

mTOR at Ser 2448, phosphorylation of p70S6K at Thr 389,

and phosphorylation of 4EBP1 at Thr 37/46 in U251MG

cells. We also analyzed the Erk1/2 signaling pathway,

which is reported to positively regulate autophagy [27]. As

shown in Fig. 4, increased phosphorylated Erk1/2 was

detected in U251MG cells after treatment with BO-1051,

suggesting increased activation of Erk1/2 signaling. Taken

together, these results demonstrated that BO-1051 induced

autophagy in U251MG cells by inhibiting Akt/mTOR and

by activating Erk1/2.

Pharmacologic inhibition of autophagy and knockdown

of Beclin1 enhanced BO-1051-induced apoptosis

A considerable number of studies report that autophagy

plays a role in cytoprotection in response to nutrient depri-

vation and causes cell death in response to a variety of

chemotherapeutic agents [8, 28]. The exact role of autophagy

and the relationship between autophagy and apoptosis

remain poorly understood. To elucidate the functional role of

autophagy in BO-1051-induced cell death, cells were treated

with autophagy inhibitors and apoptosis was determined by

annexin V-FITC and PI staining. The percentage of annexin

V-positive cells induced by BO-1051 was significantly

higher in the presence of 3-MA (Fig. 5a) or BfA1 (Fig. 5b);

these effects were suppressed by the apoptosis inhibitor

z-VAD-fmk. Moreover, BO-1051-induced cleavage of cas-

pase-3 and PARP was further increased by treatment with

3-MA (Fig. 5c), indicating that the inhibition of autophagy

enhanced BO-1051-induced apoptosis.

During apoptosis, mitochondrial dysfunction results in a

reduced mitochondrial membrane potential. Because inhi-

bition of autophagy enhanced BO-1051-induced apoptosis,

the mitochondrial membrane potential was examined by

TMRE staining followed by FACS analysis. Membrane

potential-driven TMRE accumulation within the inner

membrane of healthy mitochondria results in an increase in

TMRE-associated orange fluorescence. Detection of the loss

of orange-red fluorescence in TMRE stained cells is a reli-

able method of assessing apoptosis. As shown in Fig. 5d, e,

BO-1051 treatment induced approximately 14% loss of

orange-red fluorescence compared with DMSO-treated

Fig. 4 BO-1051-induced autophagy in U251MG cells, by the

suppression of Akt/mTOR and activation of Erk1/2. Cells were

exposed to 2.5 lM BO-1051 for 12, 24, or 48 h, and the activity of

Akt/mTOR and Erk1/2 as well as LC3 conversion was analyzed by

Western blot analysis
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cells, whereas a significant percentage of U251MG cell

population (*40%) shifted toward the lower level of

fluorescence after co-treatment with BO-1051 and 3-MA

(Fig. 5d) or BfA1 (data not shown). Similar results were

also observed in U87MG cells (Supplemental Fig. 1).

Because chemical inhibitors of autophagy can have

non-specific effects, manipulating the expression of

autophagy-related genes by shRNA allows more specific

characterization of the relationship between autophagy and

apoptosis. We stably transduced cells with plasmids

Fig. 5 Pharmacologic inhibition of autophagy enhanced BO-1051-

induced apoptosis and reduced the mitochondrial membrane potential

in U251MG cells. a, b The effects of the autophagy inhibitors 3-MA

and BfA1 on BO-1051-induced apoptotic cell death were determined.

U251MG cells were treated with various combinations of drug for the

indicated time. 3-MA (5 mM), BfA1 (10 nM), and zVAD-fmk

(25 lM) were added to the culture medium 1 h before BO-1051 (2.5

or 5.0 lM) treatment. After 48 or 72 h, the cells were collected and

stained with annexin V-FITC and PI followed by flow cytometric

analysis. *P \ 0.05. c U251MG cells were treated with 3-MA, BO-

1051 (2.5 lM), or both for 48 h. Cell lysates were prepared and

subjected to Western blot analysis using antibodies against cleaved

caspase-3, cleaved PARP, and b-actin. d U251MG cells were treated

with BO-1051(5 lM), 3-MA, or both for 48 h and stained with

TMRE. The mitochondrial membrane potential was then analyzed by

flow cytometry. e Quantitative data of (d). *P \ 0.05
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(shBeclin1 A01 or shBeclin1 B01) encoding the antisense

RNA sequence for Beclin1, an Atg gene essential for

autophagy. Western blot analysis demonstrated that RNA

interference caused a significant reduction of Beclin1

protein expression in U251MG cells. Beclin1-knockdown

cells treated with BO-1051 had elevated expression of

cleaved caspase-3 and PARP compared with control cells,

and the appearance of these apoptosis-related proteins was

further suppressed by treatment with z-VAD-fmk (Fig. 6a).

Consistent with these data, annexin V-FITC staining of

Beclin1 knockdown cells increased with BO-1051 treat-

ment (Fig. 6b). Furthermore, TMRE staining was per-

formed to determine the effect of Beclin1 knockdown on

the BO-1051-induced loss of mitochondrial membrane

potential. As shown in Fig. 6c, d, U251MG cells with a

stable knockdown of Beclin1 had a marked response to

BO-1051 and dramatic loss of mitochondrial membrane

potential, suggesting that knockdown of Beclin1 enhanced

the toxicity of BO-1051. Taken together, these results

indicate that autophagy is cytoprotective in glioma cells in

response to BO-1051 treatment.

Discussion

Although toxicity and resistance are major limitations

associated with alkylating drug chemotherapy, these agents

remain the first-line treatment for a variety of cancers.

Newly designed alkylating agents should be selective for

cancer cells to minimize toxicity. BO-1051, a DNA-affinic

9-anilinoacridine conjugate, was designed with increased

affinity and specificity for DNA in cancer cells. This

compound has a broad spectrum of anticancer activities in

vitro and in vivo [4]. In this study, BO-1051 induced high

tumor-specific cytotoxicity and apoptotic cell death. Fur-

thermore, BO-1051-mediated autophagy was characterized

by the formation of membranous vacuoles containing

residual digested materials, the formation of AVOs, the

induction of autophagosome-associated LC3-II, and the

accumulation of LC3-II punctation. Importantly, BO-1051-

induced autophagy protected glioma cells from apoptotic

cell death.

Although autophagy may be protective against nutrient

starvation by recycling macromolecules and removing

damaged mitochondria and other organelles, it can also

result in cell death, designated as programmed cell death

type II or autophagic cell death [29]. Moreover, recent

studies reported that once cancer cells are exposed to

stresses such as chemotherapy and radiation therapy, a high

rate of autophagy is observed as cells adapt to the adverse

conditions; however, the molecular mechanisms of this

process have not been fully elucidated [8, 30]. In our study,

we provide evidence that the BO-1051-triggered stress

simultaneously evoked two different responses in glioma

cells: apoptotic cell death and autophagy. These data are

consistent with previous studies showing that both

autophagy and apoptotic cell death coexist after treatment

with drugs such as arsenic trioxide [31–34]. However, the

relationship between autophagy and apoptosis in response

to anticancer agents is still debated because there is an

overlap between autophagic and apoptotic pathways [17].

Our data revealed that abrogation of autophagy by

inhibitors, such as 3-MA and BfA1, or by shRNA knock-

down of beclin1, an autophagy-related molecule, remark-

ably exacerbated cleaved caspase-3 and PARP as well as

apoptotic cell death. Although Kanzawa et al. reported that

inhibition of autophagy at different stages has opposite

effects on cell survival following temozolomide treatment

[11], we found that inhibition of autophagy at either early

or late stage leads to enhanced apoptosis in our research.

The observed differences may result from great variety

existing in the distinct cellular characteristics, as well as in

the responses induced by different anticancer drugs.

Besides, our results agree with previous reports that

autophagy antagonizes or delays the onset of apoptosis in

breast cancer cells following DNA damage [35] and that

the inhibition of autophagy increases cell sensitivity to

various therapies, including ionizing irradiation and treat-

ment with cisplatin, sulforaphane, and alkylating drugs

[19, 22, 35–38]. From this perspective, pharmaceutical

inhibition of autophagy may represent a new anticancer

treatment strategy. For example, chloroquine, an autophagy

inhibitor, prolongs median survival and decreases the rate

of death for patients undergoing GBM treatment [39].

Future experiments are required to extend our in vitro

results and evaluate the effect of BO-1051 treatment in

mouse xenograft models.

Herman-Antosiewicz et al. showed that sulforaphane-

induced autophagy sequesters mitochondria in autophago-

somes, resulting in delayed cytochrome c release and

intrinsic caspase cascade activation [37]. In response to

weak stressors, cells can prevent mitochondria depolar-

ization effectively. However, in the presence of elevated

Fig. 6 Knockdown of Beclin1 expression enhanced BO-1051-

induced apoptosis in U251MG cells. a Cells stably expressing shLuc

or shBeclin1 B01 were generated through puromycin selection. Stable

clones were treated with z-VAD-fmk (25 lM), BO-1051 (5 lM), or

both for 48 h, and the expression of Beclin1, cleaved caspase-3, and

cleaved PARP was examined by Western blot analysis. b U251MG

clones stably over-expressing shLuc, shBeclin1 A01, or shBeclin1

B01 were treated with BO-1051 and z-VAD-fmk as indicated in the

table. Apoptotic cells were detected using annexin V-FITC and PI

staining and analyzed using flow cytometry. *P \ 0.05. c The

mitochondrial membrane potential of cells from b as assessed by

TMRE staining and analyzed using flow cytometry. d Quantitation of

(c). *P \ 0.05

c
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cell stress, mitochondria depolarization leads to the release

of apoptotic molecules followed by programmed cell death.

In addition, inhibition of temozolomide-induced autophagy

by BfA1 causes mitochondrial permeabilization and the

release of cathepsin D and results in apoptosis [11]. In our

study, treatment with BO-1051 disrupted the mitochondrial
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membrane potential in glioma cells. Moreover, when

autophagy is suppressed, enhanced apoptotic cell death is

coupled with an increase in the dissipation of the mito-

chondrial membrane potential. Therefore, it appears that

inhibition of autophagy prevents the removal of damaged

mitochondria, thereby accelerating apoptotic cell death.

Reactive oxygen species (ROS) are multifaceted sig-

naling molecules implicated in a variety of cellular pro-

grams under physiological and pathological conditions.

Recently, a study showed that ROS produced by altered

cancer cell metabolism or by treatment with drugs pro-

motes autophagy and subsequent autophagic cell death

[40]. Nevertheless, ROS generation was not induced by a

24-h treatment with BO-1051 in glioma cells (data not

shown), suggesting that BO-1051-induced autophagy may

not occur in an ROS-dependent manner, even though ROS

are positive regulators of autophagy induction.

Treatment of malignant glioma is limited by the blood–

brain barrier, which acts as a physiological barrier to drug

delivery. Kapuriya et al. demonstrated that BO-1051

crosses the blood–brain barrier (data not shown) and sup-

presses cell growth in a human glioma U87MG xenograft

model [4]. Because ionizing radiation remains the most

consistently used therapy for patients with malignant gli-

oma, we examined the effects of the combined treatment of

BO-1051 and irradiation in glioma cells. We recently

reported that BO-1051 effectively enhanced the radiosen-

sitivity of glioma cells both in vitro and in vivo. Collec-

tively, these results demonstrated that BO-1051 may serve

as an adjuvant therapy to established chemotherapeutic

drugs and/or radiation therapy.

In conclusion, the present study demonstrated that BO-

1051 produces higher cytotoxicity against malignant gli-

oma cells, which is accompanied by enhanced autophagic

flux and caspase-dependent apoptosis. The cytoprotective

role of BO-1051-induced autophagy was mediated through

the down-regulation of Akt/mTOR and was associated with

up-regulation of Erk1/2 activity. Inhibition of autophagy

enhances BO-1051-induced apoptotic cell death in glioma

cells. The identification of this pathway might elucidate the

role of autophagy in anticancer treatment and suggests that

BO-1051 could be an effective treatment for patients with

malignant glioma.
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