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Abstract. Although it is generally acknowledged that auto-
phagy plays an important role in tumorigenesis and therapy, 
studies of autophagy in different cell types and under different 
conditions have led to conflicting theories regarding the 
influence of autophagy on cell death. In the present study, we 
explored the role of autophagy and its underlying mechanism 
in the inhibitory effects of arsenic trioxide (As2O3) on Burkitt's 
lymphoma Raji cells. The results showed that As2O3 signifi-
cantly inhibited the proliferation of Raji cells in a dose- and 
time-dependent manner, induced G2/M phase cell cycle arrest 
and apoptosis. Moreover, As2O3 also promoted the formation 
of autophagic vacuoles, as well as increased the degradation 
of autophagy substrate P62 protein, which was accompanied 
by an upregulation of Beclin-1 gene and a downregulation 
of Bcl-2 gene expression. 3-Methyladenine, an autophagy 
inhibitor, not only increased cell viability through inhibiting 
autophagic cell death and apoptosis, but also reversed the 
upregulation of Beclin-1 gene and the downregulation of Bcl-2 
gene in the Raji cells induced by As2O3. These results may 
lead to a better understanding of the action of As2O3 and may 
provide evidence that autophagy plays an important role in the 
regulation of cell death. Therefore, regulation of autophagic 
activity may be a promising therapy for patients with Burkitt's 
lymphoma.

Introduction

Burkitt's lymphoma originates from follicular germinal 
centers, it is the high-grade malignant B cell lymphoma. Efforts 
are ongoing to develop innovative and effective therapies. An 

important part of this process is to understand the mechanism 
of cell death induced by potential chemotherapeutic agents.

Autophagy is a tightly regulated catabolic process whereby 
cells degrade their own components by enveloping them in 
double-membrane vesicles referred to as autophagosomes 
and targeting them for lysosomal degradation. Furthermore, 
it plays an important role in tumorigenesis and therapy (1). 
Studies of autophagy in different cell types and under different 
conditions have provided conflicting results regarding the 
influence of autophagy on cell death (2,3). Autophagy is acti-
vated during environmental stress, such as nutrient starvation 
or hypoxia, thereby promoting cell survival; however, hyper-
active autophagy seriously disturbs the coordination of cell 
metabolism and finally causes cell death, known as autophagic 
cell death or type II programmed cell death (type II PCD) 
(4,5). Autophagic cell death is a caspase-independent cell 
death pattern, which is different from apoptosis (type I PCD). 
However, recent reports suggest that autophagy and apoptosis 
often share similar effectors and regulators and a complex 
crosstalk exists between the two processes (6).

Arsenic trioxide (As2O3) has been used successfully in the 
treatment of patients with newly diagnosed acute promyelo-
cytic leukemia (APL) (7,8). It has also been reported that As2O3 
can also be used for treating other hematological malignancies 
and solid tumors (9-11). Numerous studies have demonstrated 
that the antitumor mechanism of As2O3 is very complicated 
and it may result from causing cell cycle arrest and inducing 
tumor cell apoptosis (12). However, the detailed mechanisms 
of As2O3-mediated cell death are not fully understood. In the 
present study, we evaluated the role of autophagy and the 
relationship between autophagy and apoptosis during Raji cell 
death induced by As2O3. Our findings may provide a theo-
retical reference for further study on the antitumor mechanism 
of As2O3.

Materials and methods

Cells and reagents. Burkitt's lymphoma Raji cells were 
purchased from Shanghai Institute of Biochemistry and Cell 
Biology (Shanghai, China). As2O3, 3-methyladenine (3-MA), 
MTT, RPMI-1640 medium and monodansylcadaverine (MDC) 
were purchased from Sigma (St. Louis, MO, USA). Fetal 
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bovine serum (FBS) was from Sijiqing Biotechnology Co. 
(Hangzhou, China). The antibodies for caspase-3, Beclin-1, 
Bcl-2, P62 , LC3 and β-actin were obtained from Cell Signaling 
Technology (Danvers, MA, USA). All primers for beclin-1, 
bcl-2 and β-actin were synthesized by Takara Corporation 
(Japan) and SyBR Premix Ex Taq and PrimeScript RT 
reagents were also from Takara. Raji cells were cultured in 
RPMI-1640 medium with 10% (v/v) FBS, 100 U/ml penicillin 
and 100 µg/ml streptomycin at 37˚C in the presence of 95% 
air, 5% CO2 with medium changes every 2 days. Cells in the 
mid-log phase were used in the experiments.

Cell proliferation analysis. Cells were seeded at a density of 
5x104 cells/ml in 96-well plates. After treatment, cell viability 
was evaluated by an MTT colorimetric assay. The spectro-
photometric absorbance of the sample was measured using a 
Powerwave X plate reader (Bio-Tek, Winooski, VT, USA) at 
570 nm. All samples were carried out in sextuplicate.

Flow cytometric analysis of apoptosis and cell cycle. For 
detection of As2O3-induced apoptosis, 106 cells were collected 
and suspended in binding buffer (400 µl) and incubated with 
Annexin V-FITC and propidium iodide (PI) for 0.5 h and then 
suspended in binding buffer. The samples were analyzed by 
flow cytometry (Beckman Coulter, Miami, FL, USA). For cell 
cycle analysis, ~1x106 cells were collected and fixed overnight 
in 70% ethanol at 4˚C. Cells were then washed with PBS and 
stained with PI in the presence of DNase-free RNase. After 
30 min incubation at room temperature in the dark, cells 
within the cell cycle compartments were determined by flow 
cytometer.

Detection of autophagosome. Cells were fixed with 2% para-
formaldehyde and 2% glutaraldehyde in 0.1 mol/l phosphate 
buffer (pH 7.4), followed by 1% OsO4. After dehydration, thin 
sections were stained with uranyl acetate and lead citrate for 
observation under JEM-1230 transmission electron micros-
copy (JEOL, Tokyo, Japan).

MDC fluorescent staining. MDC has been proposed as a 
special tracer for autophagic vacuoles (13). The autophagic 
vacuoles were labeled with 0.05 mmol/l MDC in PBS at 37˚C 
for 1 h. After incubation, cells were washed with PBS and 
immediately analyzed by fluorescence microscopy.

Western blot analysis. At the end of the designated treatments, 
Raji cells were lysed in RIPA lysis buffer (Beyotime, P0013B) 
with 1 mM PMSF. Equal amounts of protein were separated 
by SDS-PAgE and transferred onto PVDF membranes. After 
blocking with 5% non-fat dried milk in PBS with 0.5 ml/l 
Tween-20 for 2 h at room temperature, the membrane was 
probed with primary antibodies against human Beclin-1, LC3, 
P62, caspase-3, Bcl-2 or β-actin proteins. Then, the membranes 
were incubated with the IRDye800CW or IRDye700DX conju-
gate secondary antibodies (LI-COR, Lincoln, NE, USA). The 
protein bands of immunoblot were visualized by an Odyssey 
double-color infrared laser imaging system (LI-COR).

Real-time quantitative RT-PCR assay. Total RNA from the 
cells was extracted using the TRIzol kit. From each sample, 

2 µg of RNA was converted into cDNA by oligo (dT) 18-primed 
reverse transcription using SuperScript II RT First-Strand kit 
as described by the manufacturer. The levels of the genes were 
analyzed on Rotor-gene 3000 quantitative PCR amplifier 
(Corbett, Australia).

Statistical analysis. All data are expressed as means ± SD. 
Statistical analysis was performed using Student's t-tests and 
SPSS 13.0. P<0.05 and P<0.01 were considered to indicate 
a statistically significant and highly statistically significant 
difference, respectively.

Results

As2O3-mediated inhibition of growth and induction of apop-
tosis in Raji cells. It has been shown that As2O3 induces growth 
arrest and apoptosis in many different cancer cell lines. We 
treated Raji cells with various concentrations (0-8 µmol/l) of 
As2O3 for 24, 48 and 72 h; the cell numbers were determined 
and the inhibitory rates are plotted in Fig. 1A. It is clearly 
shown that the cell growth was inhibited by As2O3 in a dose- 
and time-dependent manner. In addition, the IC50 (µmol/l) 
of this agent at 24, 48 and 72 h was calculated as 3.51±0.13, 
1.57±0.32 and 1.03±0.08, respectively (Fig. 1B). Since ~50% of 
the cell growth was inhibited when the cells were treated with 
3 µmol/l of As2O3 for 24 h, we treated the cells with As2O3 
at this concentration and the results from the flow cytometry 
showed that when the cells were treated for 24 and 48 h, the 

Figure 1. MTT assay was applied for cell proliferation detection. (A) As2O3 
inhibited the viability of Raji cells in a dose- and time-dependent manner. 
(B) 3-MA reduced As2O3-induced Raji cell death. **P<0.01 compared to 
As2O3 group. 3-MA, 3-methyladenine.
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apoptotic population increased from 2.72±1.09 to 23.5±1.32 and 
40.8±2.48%, respectively (Fig. 2). In addition, the percentage 
of cells on different cell cycle stages was determined by flow 
cytometry. As shown in Fig. 3, the As2O3 treatment reduced 
the population in the G0/G1 phase and increased that in both 
the S- and the g2/M-phase. Compared to the control, the cells 
in the g2/M phase increased from 11.8 to 26.4% after they 
were treated with As2O3 for 48 h. Consistent with the increased 
apoptotic population shown in the flow cytometry, western blot 
assays showed the increased intensity of the cleaved and active 
form of caspase-3 (Fig. 4A). Quantification of the intensities 
of the bands and statistical analyses showed that As2O3 treat-
ment increased the activated caspase-3 significantly (Fig. 4B). 
Collectively, these data demonstrate that As2O3 inhibits Raji 
cell growth by inducing G2/M arrest, eventually leading to 
caspase-dependent apoptotic cell death.

3-MA reverses the inhibition of cell proliferation and apop-
tosis induced by As2O3. 3-MA is a specific inhibitor of PI3K 
activity and one of the most widely used inhibitors of the initial 
phase of autophagy (5). We pre-treated Raji cells with 3-MA 
(4 mmol/l) for 4 h, then different concentrations of As2O3 were 
added into the pre-treated cells. Compared with the As2O3 
alone group, the IC50 value (µmol/l) at 24, 48 and 72 h was 

increased to 4.85±0.24, 2.22±0.15 and 1.65±0.22, increased 
by 38.2, 41.4 and 60.2%, respectively (Fig. 1B). After treating 
Raji cells with 3-MA (4 mmol/l) and As2O3 (3 µmol/l), the 
apoptotic ratio decreased from 23.5 to 18.1% (24 h) and from 
40.8 to 29.3% (48 h) (P<0.05), compared with the As2O3 alone 
group (Fig. 2). 3-MA also alleviated the g2/M arrest caused by 
As2O3 and the percentage of cells in the G2/M phase decreased 
from 26.4 to 10.5%, accompanied by an increase of the cells in 
the g0/g1 phase from 36.3 to 53.2% (Fig. 3). Meanwhile, the 
expression of caspase-3 protein (Fig. 4) markedly decreased 
in the combined treatment group. These results showed that 
3-MA reduced the inhibition of cell proliferation and apop-
tosis induced by As2O3.

As2O3-induced autophagy in Raji cells is inhibited by 3-MA. 
To assess the autophagic activity in the Raji cells after being 
treated with 3 µmol/l As2O3, we observed the formation of 
autophagosomes using the traditional method transmission 
electron microscope and the fluorescence intensity of MDC 
was detected by fluorescence microscope. The number of 
autophagosomes and MDC-positive fluorescent points in the 
As2O3-treated cells was much higher than in the untreated 
cells and in some cells the autophagic vacuoles and apoptotic 
changes co-existed. However, the addition of 3-MA (4 mmol/l) 

Figure 2. The effect of As2O3 with or without 3-MA on Raji cell apoptosis. (A) Apoptosis ratio detected by flow cytometry. (B) Histogram of corresponding 
apoptotic ratios. 3-MA, 3-methyladenine.
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prior to As2O3 (3 µmol/l) treatment decreased the number 
of autophagosomes and the fluorescence intensity of MDC 
(Fig. 5).

In order to distinguish whether autophagosome accumula-
tion was due to autophagy induction or a block in downstream 
steps, we detected the expression level of P62, an autophagy 
substrate that can be used to monitor autophagic flux, and the 
expression levels of P62 inversely correlated with autophagic 
activity (14). Our research showed that after Raji cells were 
treated with 3 µmol/l As2O3 for 24 and 48 h, the level of P62 
protein was obviously decreased. On the contrary, 3-MA 
increased the total level of P62 protein (Fig. 6A and B). The 
results provide evidence that the autophagosome accumulation 
was due to autophagy induction instead of a block in down-
stream steps.

To further confirm the above result, we examined expres-
sion of LC3-II (microtubule-associated protein 1, light chain 3, 
in its conjugated form) by western blotting, since LC3-II is 
widely used as a specific marker of autophagic activity (15,16). 
The results (Fig. 6C and D) showed that As2O3 (3 µmol/l) 
treatment could result in the upregulation of LC3-I and a 
considerable portion of LC3-I was converted into LC3-II. 
However, after Raji cells were co-treated with As2O3 and 
3-MA, the expression of LC3-I-II was significantly down-
regulated and the conversion of LC3-II from LC3-I was also 
inhibited.

Interaction of Beclin-1 and Bcl-2 mediates the crosstalk 
between apoptosis and autophagy induced by As2O3. To 

Figure 3. Effect of 3-MA on cell-cycle arrest in Raji cells induced by As2O3. (A) Diagram of cell cycle analyzed by flow cytometry. (B) Histogram of cell cycle. 
*P<0.05; **P<0.01 compared to control. 3-MA, 3-methyladenine.

Figure 4. The expression of caspase-3 protein in Raji cells induced by: 
lane 1, 0 µmol/l As2O3; lane 2, 3 µmol/l As2O3 for 24 h; lane 3, 3 µmol/l 
As2O3 + 3-MA for 24 h; lane 4, 3 µmol/l As2O3 for 48 h; and lane 5, 3 µmol/l 
As2O3 + 3-MA for 48 h. (A) The changes of caspase-3 protein levels were 
examined by western blotting. (B) Histogram of the average infrared fluores-
cence intensity of the caspase-3 protein bands. **P<0.01, compared with the 
control group. 3-MA, 3-methyladenine.
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explore the necessary connection between autophagy and 
apoptosis, we detected the expression levels of Beclin-1 and 
Bcl-2 genes using western blotting and real-time RT-PCR 
assay to prove the interaction of Beclin-1 and Bcl-2 in part 
mediated the As2O3-induced apoptotic and autophagic cell 
death in Raji cells. After treatment with 3 µmol/l As2O3 for 24 
and 48 h, the expression of Beclin-1 protein was increased by 
2.2- and 1.46-fold and the Beclin-1 mRNA was increased by 

2.38- and 2.19-fold respectively and these actions were clearly 
inhibited by addition of 3-MA (Fig. 7A-D). On the contrary, 
Raji cells treated with As2O3 exhibited a time-dependent 
decrease in both Bcl-2 mRNA and protein expression, but 
3-MA upregulated their expression of both Bcl-2 mRNA and 
proteins (Fig. 7E-H). The enhanced expression of Beclin-1 was 
in parallel with suppression of Bcl-2 during As2O3-induced 
death in Raji cells.

Figure 5. Detection of autophagosome. (A) The formation of autophagosomes (original magnification x30,000), the arrow indicates the autophagosome. (B) 
The fluorescence intensity of MDC (original magnification x1,000). MDC, monodansylcadaverine.

Figure 6. The expression of P62 and LC3 in Raji cells induced by: lane 1, 0 µmol/l As2O3; lane 2, 3 µmol/l As2O3 for 24 h; lane 3, 3 µmol/l As2O3 + 3-MA 
for 24 h; lane 4, 3 µmol/l As2O3 for 48 h; and lane 5, 3 µmol/l As2O3 + 3-MA for 48 h. (A) The levels of P62 protein. (B) The average fluorescence intensity 
of P62 protein bands. (C) The expression of LC3-I, II protein. (D) Histogram of the average fluorescence intensity of LC3-II protein bands. As2O3 treatment 
significantly upregulated the level of LC3-II and the action was clearly inhibited by 3-MA. *P<0.05; **P<0.01 compared with control group.
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Discussion

As2O3 is a clinically highly relevant anticancer drug used for 
the treatment of various cancer, especially leukemia. The 
mechanisms of As2O3-induced cell death have been exten-
sively investigated. Apoptosis is considered to be one of the 
important mechanisms (12,17). However, in recent years, 
the role of autophagy in cancer therapy has also received 
increasing attention from researchers, and many studies 
have shown that autophagy is readily induced in response to 
certain stressful stimuli, such as metabolic stress (18,19) and 
exposure to anticancer drugs (20,21). Hence, it is believed that 
autophagy may play an important role in tumorigenesis and 
cancer therapy. However, the fundamental question, whether 
autophagy promotes cancer cell death or protects them from 
unfavorable conditions, remains controversial. It is certainly 
an intricate target for cancer therapy (22).

In our study, we demonstrated that As2O3 inhibited both 
proliferation and viability of Raji cells in a dose- and time-
dependent manner. Raji cells treated with As2O3 underwent 
apoptosis and cell cycle arrest. Moreover, As2O3 promoted 
the formation of autophagic vacuoles and the conversion of 
soluble LC3-I to lipid bound LC3-II, as well as increased 
the degradation of autophagy substrate P62 protein. The 
autophagic vacuoles and apoptotic changes always co-existed 
in the same cells. 3-MA is one of the most widely used 
pharmacologic inhibitors of autophagy; it can block class III 
phosphatidylinositol 3-kinase (PI3K) activity, thereby 
reducing the number of autophagic vacuoles and the conver-
sion of LC3-Ⅰ to LC3-II. Furthermore, 3-MA also alleviated 
the proliferation inhibition, apoptosis and G2/M phase arrest 
in Raji cells induced by As2O3. In addition, 3-MA decreased 
the upregulation of caspase-3 protein caused by As2O3. These 
results provide evidence that the Raji cell death induced by 

Figure 7. The dynamical variation of Beclin-1 and Bcl-2 in Raji cells induced by: lane 1, 0 µmol/l As2O3; lane 2, 3 µmol/l As2O3 for 24 h; lane 3, 3 µmol/l 
As2O3 + 3-MA for 24 h; lane 4, 3 µmol/l As2O3 for 48 h; and lane 5, 3 µmol/l As2O3 + 3-MA for 48 h. (A and E) The expressions of Beclin-1 and Bcl-2 protein. 
(B and F) The average infrared fluorescence intensity of Beclin-1 and Bcl-2 protein bands. (C and g) The real-time PCR amplification products of beclin-1 
and bcl-2 were observed by agarose gel electrophoresis. (D and H) Real-time RT-PCR assay evaluated the amounts of beclin-1 and bcl-2 mRNA. 3-MA, 
3-methyladenine.
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As2O3 shared characteristics of both autophagic and apoptotic 
cell death.

Bcl-2 proto-oncogene is a well-known anti-apoptotic 
mediator. However, its roles in inhibiting autophagy have 
attracted increasing attention from researchers. Bcl-2 is well-
documented to inhibit autophagy via the interaction with 
Beclin-1 (23,24). Akar et al (25) reported that RNAi knock-
down of Bcl-2 induced the autophagy and apoptosis in MCF-7 
breast cancer cells. Saeki et al (26) found that Bcl-2 silencing 
by antisense RNA induced the autophagy-dependent cell 
death in human leukemia HL-60 cells. The dual role of Bcl-2 
in inhibiting both apoptosis and autophagic-associated cell 
death makes this protein a potential chemotherapeutic target. 
Beclin-1, a Bcl-2 homology 3 (BH3) domain only protein, is 
essential for the double-membrane autophagosome formation, 
which is required during the initial steps of autophagy (27,28). 
Beclin-1 recruits key autophagic proteins to a pre-autophago-
somal structure, thereby forming the core complex consisting 
of Beclin-1, Vps15 and Vps34 (29-31). In addition, Beclin-1 is 
a key determining factor with regard to whether cells undergo 
autophagy or apoptosis. Nutrient deprivation or other stress 
conditions result in the activation of the stress-induced MAPK 
JNK, which phosphorylates three residues in the regulatory 
loop of Bcl-2, disrupting its interaction with Beclin-1 to permit 
autophagy (32). In our study, we found that As2O3 significantly 
enhanced the expression of Beclin-1 protein and its mRNA; 
on the contrary, the expression of Bcl-2 protein and the 
level of Bcl-2 mRNA were clearly downregulated and these 
effects were antagonized by 3-MA. These findings indicate 
that both apoptotic and autophagic pathways are involved 
in As2O3-induced death in Burkitt's lymphoma cells and the 
co-action or crosstalk of Beclin-1 and Bcl-2 may play a key 
role in coordinating the relationship between autophagic cell 
death and apoptosis. Therefore, As2O3 may act as a joint acti-
vator of apoptosis and autophagy and regulation of autophagic 
activity may be a promising therapy for patients with Burkitt's 
lymphoma.
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