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Autophagy has been suggested as a possible mechanism for 
non-apoptotic death despite evidence from many species that 
autophagy represents a survival strategy of cells under stress. 
From our previous findings that supranutritional doses of 
sodium selenite induced apoptosis in human leukemia cells, 
now we show autophagic cell death occurred after selenite 
exposure in HL60, suggested an alternative mechanism for the 
potential therapeutic properties of selenite. Additionally, 
Death-associated Protein Kinase (DAPK) performed a signifi-
cantly increased expression during this process, concomitantly 
with gradually decreased phosphorylation at Ser308. We further 
reveal that the up-regulation of DAPK which depends on 
selenite-activated ERK had no effect on autophagy. However, 
activation of DAPK via PP2A-mediated dephosphorylation at 
Ser308 serves as a new strategy for autophagy induction. In 
conclusion, these results indicate that PP2A-mediated activa-
ted DAPK sensitizes HL60 cells to selenite, ultimately triggers 
autophagic cell death pathway to commit cell demise. [BMB 
reports 2012; 45(3): 194-199]

INTRODUCTION

Selenium compounds possess chemotherapeutic features by 
inducing apoptosis in cancer cells with trivial side effects on 
normal cells (1, 2). Sodium selenite is commonly used as a 
source of selenium in biological research. Accumulating evi-
dences confirmed the application of selenite in studies of cell 
proliferation and cancer (3, 4). Previous results suggested su-
pranutritional doses of selenite promoted cell death through 
mitochondria- or ER stress-mediated apoptotic pathway in hu-
man leukemia cell lines (5, 6). Furthermore, autophagy has re-
cently been considered as an alternative mechanism of cell 
death induced by selenite, which caused concurrence of au-

tophagy and apoptosis in leukemia cells (7, 8).
Autophagy means to eat oneself, which is a cellular degra-

dation pathway for the clearance of damaged or superfluous 
protein and organelles. During autophagy, parts of cytoplasmic 
material are sequestered into double-membrane vesicles. This 
autophagosome then fuses with lysosome where the contents 
are degraded and recycled (9). Autophagy can serve as a cell 
survival mechanism by favoring stress adaptation rather than 
cell death (10). Whereas excessive self-digestion and degrada-
tion of essential cellular components will finally promote cell 
demise, called autophagic cell death (11). According to con-
ventional textbooks, autophagy and apoptosis are both genet-
ically programmed processes that play essential roles in cell 
growth, development, differentiation and death. Study on the 
crosstalk between them has become a novel direction in the 
development of new drugs (12, 13). 

DAPK is a stress-regulated Ser/Thr protein kinase which 
plays a critical role in multiple signal transduction pathways, 
including apoptosis, autophagy, survival, motility, and adhe-
sion (14, 15). It functions as either a positive or negative medi-
ator of apoptosis depends largely on stimuli. In some types of 
cancer, the expression of DAPK is frequently lost by promoter 
hypermethylation (16, 17). In other cases, the catalytic activity 
of expressed DAPK is inhibited by auto-phosphorylation with-
in the CaM-binding domain at Ser308 (18). 

Recent studies emphasized the participation of DAPK in ER 
stress-triggered apoptosis and autophagic cell death (19). 
However, little is known about the mechanism underlying the 
pro-autophagy function of DAPK induced by selenite. There-
fore, this study aims to investigate selenite-induced autophagy 
in HL60 cells, and to elucidate the regulatory role of DAPK in 
this process. Here we provide a possible mechanism that de-
phosphorylation of DAPK-Ser308 via protein phosphatase 2A 
(PP2A) enhances its kinase activity and consequent promotes 
selenite-induced autophagic cell death. 

RESULTS 

Sodium selenite induced HL60 cells autophagy
CCK-8 assay and Annexin V/PI staining showed that 20 μmol/L 
selenite significantly suppressed HL60 cell proliferation (Fig. 
1A) and caused cell death (Fig. 1B) in a time-dependent 
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Fig. 1. Sodium selenite caused viability inhibition and autophagy 
induction in HL60 cells. Effect of 20 μmol/L sodium selenite on 
cell proliferation and cell death. Using CCK-8 kit (A) and Annexin 
V/PI staining for flow cytometry as described in the Materials and 
methods (B) respectively at different time points. (C) Effect of 20 
μmol/L sodium selenite on cell autophagy using flow cytometry 
to quantify AVOs by acridine orange staining. The mean fluo-
rescence intensity was proportional to the degree of FL3/FL1. (D) 
Fluorescent microscope by immunofluorescence staining for LC3 
(green, the top panel) and MDC staining (blue, the bottom panel) 
for visualization of autophagic vacuoles in HL60 cells with or 
without selenite exposure, respectively. The scale bar represents 
100 μm. (E) HL60 cells were treated with 20 μmol/L selenite for 
different time as indicated, then p62, Beclin-1 and LC3 were de-
tected by Western blot. Blots were re-proved with anti-β-actin as 
a loading control. The data are representative of at least three 
separate experiments.

Fig. 2. Autophagy inhibition decreased HL60 cells sensitivity to 
selenite-induced cell death. (A, B) The effect of 3-MA on cell au-
tophagy and death. Cells were pretreated with 10 mmol/L 3-MA 
for 1.5 h before exposure to 20 μmol/L selenite for 24 h, then 
Western blot analysis was carried out to detect autophagy markers 
p62, Beclin-1 and LC3 protein levels respectively. Blots were 
re-proved with anti-β-actin as a loading control (A). Cell death 
rate was analyzed by the Annexin V assay by flow cytometry as 
described in the Materials and methods (B). (C, D) The effect of 
Beclin-1 RNAi on cell death. Transfected cells with siRNA target-
ing Beclin-1, effective knockdown of Beclin-1 was detected by 
Western blot (C). Cell death rate was analyzed by the Annexin V 
assay by flow cytometry as described in the Materials and meth-
ods (D). The data are representative of at least three separate 
experiments.

manner. To detect autophagy occurrence, flow cytometry was 
performed after staining cells with acridine orange for the 
quantification of AVOs. Results (Fig. 1C) revealed the in-
creases in red fluorescence (FL3) at 24 h post selenite ex-
posure, indicating increased autophagic activity. Additionally, 
LC3 immunofluorescence or MDC staining were performed. 
Fluorescence microscopy revealed the punctate distribution of 
both LC3 and MDC fluorescence enhanced in selenite-treated 
group (Fig. 1D). Consequently, autophagy-specific markers 
Beclin-1, p62 and LC3 were used to examine the autophagic 
levels in this process. As shown in Fig. 1E, the up-regulation of 
Beclin-1, down-regulation of p62 and the conversion of LC3 
I/II demonstrated increasing formation of autophagosomes 
with time. Collectively, these results proved that autophagy 
was induced in selenite-treated HL60 cells. 

Autophagy inhibition decreased HL60 cells sensitivity to 
selenite-induced cell death
Autophagy was alternatively described as either death pro-
tective or promoting process. Therefore, to examine its role on 

selenite-triggered cell death, autophagy inhibitor 3-MA was 
added to HL60 cells for 1.5 h prior to selenite exposure. 
Compared with selenite-treated group, the expression of 
Beclin-1, p62 and LC3 in combining-treated group partly re-
verted to the original state, reflecting the effective inhibiting ef-
fect of 3-MA (Fig. 2A). Flow cytometic analysis showed that 
apoptotic rate in combined treatment group (15.30% ± 2.18) 
decreased significantly than selenite-only treatment group 
(37.63% ± 1.02) (Fig. 2B). To further confirm this, Beclin-1 
specific siRNA was used to reduce endogenous Beclin-1 ex-
pression in HL60 cells (Fig. 3C). FACS analysis indicated the 
presence of significantly decreased cell apoptosis when au-
tophagy was inhibited (Fig. 3D). Taken together, autophagy in-
hibition made cells less sensitive to selenite, suggesting in-
duction of autophagy is responsible for selenite-caused cell 
death.

Expression of DAPK had no significant effect on 
selenite-induced autophagy
DAPK is an important regulator both in cell apoptosis and 
autophagy. During selenite exposure, DAPK protein expre-
ssion in HL60 had an ascent tendency but the phosphorylation 
level at Ser308 decreased with time (Fig. 3A). Respectively, cells 
were incubated with different kinase inhibitors, SB203580 
(p38MAPK inhibitor), PD98059 (ERK inhibitor) and SP600125 
(JNK inhibitor) before selenite adding, and only the DAPK ex-
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Fig. 3. ERK was responsible for the up-regulation of DAPK but its 
expression didn’t relate to selenite-induced autophagy. (A) HL60 
cells were treated with 20 μmol/L selenite for different time as 
indicated, then DAPK and DAPK-Ser308 were detected by Western 
blot. (B) Cells were pretreated with SB203580 (10 μmol/L), 
PD98059 (40 μmol/L) and SP600125 (20 μmol/L) for 1.5 h before 
exposure to selenite for 24 h, then DAPK and DAPK-Ser308 were 
detected by Western blot. (C) Transfected cells with siRNA target-
ing DAPK, effective knockdown of DAPK was detected by West-
ern blot. (D) Following transfected with DAPK siRNA, cells were 
treated with 20 μmol/L selenite for 24 h, then p62, Beclin-1 and 
LC3 were detected by Western blot. Blots were re-proved with 
anti-β-actin as a loading control. The data are representative of at 
least three separate experiments. 

Fig. 4. PP2A-mediated activation of DAPK promoted selenite-in-
duced cell autophagy. Pretreated cells with 2 nmol/L OA for 1.5 
h before exposure to 20 μmol/L selenite for 24 h, then Western 
blot of PP2A, PP2A-Tyr307 (A), DAPK and DAPK-Ser308 (B) was 
carried out. (C) Cells were pretreated with 2 nmol/L OA for 1.5 
h before exposure to selenite for 24 h, then p62, Beclin-1 and 
LC3 were detected by Western blot respectively. Blots were 
re-proved with anti-β-actin as a loading control. (D) Quantification 
of AVOs using flow cytometry by acridine orange staining. The 
mean fluorescence intensity is proportional to the degree of 
FL3/FL1. (E) Immunofluorescent co-localization of DAPK and 
PP2A. HL60 cells were treated with 20 μmol/L selenite for 24 h 
and analyzed by immunofluorescent microscopy with antibodies 
to DAPK (red) and PP2A (green). The scale bar represents 100 
μm. (F) Protein extracts prepared from cells were immunopre-
cipitated with anti-DAPK or PP2A antibodies respectively. The im-
mune complexes and the 10% input were analyzed by Western 
blot with antibodies specific to PP2A or DAPK. IP: immunopre-
cipitation, IB: immunoblotting (F). The data are representative of 
at least three separate experiments.

pression was reduced in PD98059 and selenite combined 
group while the phosphorylation level remained (Fig. 3B). To 
determine the regulatory role of DAPK in selenite-induced au-
tophagy, transfecting HL60 cells with DAPK-targeted siRNA to 
knockdown its expression, the inhibiting efficiency was con-
firmed in Fig. 3C. Unexpectedly, down-regulated DAPK did 
not have any noticeable effect on the autophagic levels (Fig. 
3D). 

PP2A-mediated activation of DAPK promoted 
selenite-induced cell autophagy
Inferred from the results described above, we did further study 
to assess whether the activity of DAPK was involved in autoph-
agy induction. Since PP2A is considered as a potential phos-
phatase of DAPK (18), we proposed a possibility that PP2A-me-
diated activation of DAPK was responsible for autophagy. 
Selenite did not influence PP2A expression but activated it by 
dephosphorylating PP2A at Tyr307 (Fig. 4A); therefore Okadaic 
acid (OA), one of the PP2A-specific inhibitors, was used to 
suppress its activity. Western blot of DAPK-Ser308 and autoph-
agy markers showed that OA partially reversed the decrease of 
phosphorylation level of DAPK at Ser308 caused by selenite 
(Fig. 4B), leading to reduced formation of autophagosomes 
(Fig. 4C). In addition, FACS analysis revealed the decreases in 
red fluorescence (FL3) of OA-pretreated group compared to se-
lenite-treated (Fig. 4D). Immunofluorescent microscopy dem-
onstrated DAPK (red) co-localization (yellow) with the PP2A 
(green) in HL60 cells after selenite exposure (Fig. 4E). Further-
more, co-immunoprecipitation experiment confirmed the 

cellular interaction between them (Fig. 4F). In conclusion, 
PP2A-mediated dephosphorylation of DAPK was the main 
mechanism for selenite-induced HL60 cells autophagy, which 
highlights the importance of developing DAPK activators as 
agents to sensitize cells to stress-induced death.

DISCUSSION

As one of the essential trace elements, selenium possesses a 
potential effect on the prevention and therapy of cancer. 
Previous studies indicated that the antitumor activity of sele-
nium compounds was often attributed to drug-induced apopto-
sis (5, 6, 20). Here we addressed that autophagy acted as an-
other essential mechanism for the application of selenite in 
cancer therapy. 

A number of stimuli have been proved to induce autophagy, 
apoptosis or both. However the molecular mechanisms con-
trolling their coordinate regulations and the consequent events 
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remain controversial. Cells can commit suicide by mecha-
nisms other than apoptosis. Non-apoptotic forms of program-
med cell death, programmed necrosis and autophagy, have 
been described and classified (9). We found the cell viability 
of HL60 was significantly decreased by 20 μmol/L selenite, ac-
companying by excessive formation of acid autophagic va-
cuoles, implying that autophagy possibly committed the cell 
suicide. Furthermore, autophagy inhibitor 3-MA and Beclin-1-tar-
geted siRNA rendered cells less sensitive to selenite-induced 
death, confirmed the above hypothesis. Other researches also 
identified the role of autophagy in drug-induced HL60 cell 
death (7, 21).

The tumor suppressor DAPK is a Ca2+/calmodulin (CaM) 
regulated Ser/Thr kinase with an important role in regulating 
many distinct signaling events (14, 15). It composed of several 
functional domains, including the kinase, calmodulin, ankyrin 
repeats, cytoskeleton and death domains (22). The catalytic ac-
tivity of DAPK is partially regulated by auto-phosphorylation of 
Ser308 within the Ca2+/CaM binding domain. Under normal 
conditions, epigenetic silencing of DAPK by promoter methyl-
ation occurs in various types of cancers, including Chronic 
Lymphocytic leukemia (17) and Acute Myeloid Leukemia (23). 
During autophagy, the ratio of DAPK-Ser308/DAPK in HL60 de-
creased, indicating active DAPK was associated with autoph-
agy occurrence. According to Huang et al., ERK1/2 signaling 
pathway plays a transmitting role to stimulate autophagy and 
DAPK promoter hypermethylation in SV-HUC-1 cells (16), and 
we also provided evidence that the up-regulation of DAPK was 
possibly a down-stream event of ERK activation. Additionally, 
a reciprocal regulatory system formed by DAPK and ERK con-
tributed to the apoptosis-promoting function of DAPK (24, 25). 
However, interfering expression of DAPK had little effect on 
cell autophagy, so we further investigated the role of DAPK ac-
tivity in autophagy induction. 

Activation of DAPK occurs via de-phosphorylation of Ser308 
and subsequently obtains kinase activity (26). PP2A is a 
Ser/Thr protein phosphatase and Widau et al. have identified 
two forms of PP2A as DAPK interacting proteins (18). Our cur-
rent results suggested that selenite-activated PP2A selectively 
dephosphorylated DAPK-Ser308, ultimately promoted the activ-
ity of DAPK to act as an autophagy regulator.

DAPK has been reported to bind to distinct proteins, such as 
ERK, p38MAPK, ribosomal S6 Kinase, and myosin light chain 
(25, 27-29). It can simultaneously regulate apoptosis and au-
tophagy through separate mechanisms. Lack of amino acid-tri-
ggered starvation facilitated the interaction of DAPK and 
MAP1B, therefore induced autophagy via releasing LC3 pro-
tein (30). Recent reports identified that phosphorylation of au-
tophagy-related protein Beclin1 by DAPK promotes autophagy 
dissociation of Beclin-1 from Bcl-XL and induction of autoph-
agy (31). In selenite-treated HL60 cells, the detailed mecha-
nism about DAPK functioning on autophagy requires further 
study. 

In summary, out studies indicate that PP2A-mediated activa-

tion of DAPK plays an essential role in promoting autophagy, 
and reveal an alternative cell death mechanism in response to 
sodium selenite in human leukemia cells. Additionally, in-
duction of autophagy committed cell demise perhaps by mak-
ing cells more sensitive to selenite, but the implications of this 
phenomenon are not yet fully understood. Future studies will 
investigate the detailed molecular mechanisms to provide new 
strategy on leukemia clinic therapy.

MATERIALS AND METHODS

Cell culture
HL60 cells were cultured in RPMI 1640 medium with 10% fe-
tal bovine serum, 100 units/ml penicillin, and 100 μg/ml strep-
tomycin at 37oC in a 5% CO2 humidified environment.

Reagents and antibodies
Sodium selenite, 3-Methyladenine, Monodansylcadaverin, Ac-
ridine orange, anti-DAPK-Ser308 and anti-β-actin were pur-
chased from Sigma-Aldrich. The chemical inhibitor Okadaic 
acid was from Santa Cruz Biotechnology. The chemical in-
hibitors SB203580, PD98059 and SP600125 were from Merck. 
The antibody for p62 was from Abcam. Anti Phospho-PP2A 
(pY307) was from Epitomics. Anti Beclin-1, LC3B, DAPK and 
PP2A were purchased from Cell Signaling Technology. 

CCK-8 Cell proliferation and cell survival assays
Cells were seeded in 96-well plates at a density of 2 × 103 per 
well after treated with 20 μmol/L selenite for different time. 
The CCK-8 assay was carried according to the instruction of 
the manufacturer (Dojindo, Japan). The absorbance of each 
sample was analyzed with Synergy H4 Hybrid Microplate 
Reader (BioTek, USA) at 450 nm while 620 nm as reference 
wavelength.

Flow-cytometric analysis
The detection was performed according to the manual in-
cluded within the Annexin V-FITC apoptosis detection kit 
(Calbiochem). Approximately 106 cells were harvested, wash-
ed twice with ice-cold PBS, and stained with 0.5 ml binding 
buffer containing 0.5 μl Annexin V-FITC. After incubation in 
the dark for 15 min at room temperature, cells were collected 
and resuspended in the binding buffer containing PI. Flow cy-
tometry was performed on Accuri C6 Flow Cytometer to detect 
apoptosis. 

Immunofluorescence 
The protocol for immunostaining the cells was described pre-
viously (8). Briefly, Cells were fixed, permeabilized, and in-
cubated with anti-LC3, anti-DAPK, or anti-PP2A antibodies, 
washed in PBS and incubated with FITC- or CY3-conjugated 
secondary antibodies (Jackson ImmunoResearch). The cells 
were stained with 1 μmol/L DAPI (Sigma-Aldrich) for 5 min. 
Images were captured with a TE2000-U Nikon Eclipse micro-
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scope.

MDC staining for visualization of autophagic vacuoles
The autophagic vacuoles were assessed by incubating cells 
with 50 μmol/L MDC at 37oC for 10 min. After incubation, 
cells were washed twice with PBS and immediately captured 
by a TE2000-U Nikon Eclipse microscope operating at 100 ×  
magnification. Excitation wavelength: 390 nm; emission wave-
length: 460 nm.

Acridine orange staining for quantification of acidic vesicular 
organelles 
Treated cells were stained with 1 μM acridine orange at 37oC 
for 15 min, then washed twice and resuspended in 200 μl 
PBS. Green (500-550 nm, FL1 channel) and red (650 nm, FL3 
channel) fluorescence, which was illuminated with blue (488 
nm) light excitation, was measured using Accuri C6 Flow 
Cytometer, respectively. The mean fluorescence intensity was 
proportional to the degree of FL3/FL1. 

Co-immunoprecipitation and western blot analysis 
Co-immunoprecipitation and western immunoblotting were 
performed as previously described (8). Each result represents 
three independent experiments.

siRNA Transfection
The DAPK-specific siRNA (5’-CAA GAA ACG UUA GCA AAU 
GUU-3’) and Beclin-1-specific siRNA (5’-CAG UUA CAG 
AUG GAG CUA A TT-3’) were synthesized from GenePharma 
(Shanghai Co. Ltd., China). Collected cells were washed with 
serum-fre and antibiotic-free grow medium and resuspended 
to achieve a final concentration of 1.5 × 106 cells/ml. Then 
the cells were transfected with 10 μg siRNA using Opti-MEM 
medium (Gibco) and 10 μl Lipofectamine RNAiMAX 
(Invitrogen). After 24 hcells were treated with different com-
pounds and harvested for subsequent research.

Statistical analysis 
All experiments were repeated at least three times. The results 
are expressed as the mean ± SD (n ≥ 3). In some cases, 
Student’s t-test was used for comparing two groups. A statisti-
cally significant difference was set at P ＜ 0.05.
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