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Abstract

Introduction In this study, we delineated the apoptotic

signaling pathways activated by sodium selenite in NB4

cells.

Materials and methods NB4 cells were treated with 20

lM sodium selenite for different times. The activation of

caspases and ER stress markers, ROS levels, mitochondrial

membrane potential and cell apoptosis induced by sodium

selenite were analyzed by immunoblotting analysis, DCF

fluorescence and flow cytometric respectively. siRNA was

used to detect the effect of GADD153 on selenite-induced

cell apoptosis.

Conclusions Sodium selenite-induced reactive oxygen

species generation is an early event that triggers endo-

plasmic reticulum stress mitochondrial apoptotic pathways

in NB4 cells.

Keywords Sodium selenite � Apoptosis � ER stress �
GADD153 � ROS

Abbreviations

ER Endoplasmic reticulum

MnTMPyp Mn(III) tetrakis(1-methyl-4-pyridyl)

porphyrin pentachloride

ROS Reactive oxygen species

UPR Unfolded protein response

Introduction

Apoptosis is a major mechanism to eliminate cancer cells.

The activation of caspase family proteases is the key step in

apoptosis, and several pathways lead to caspase activation

[1]. Up to now, three predominant apoptotic pathways,

namely death receptor-mediated extrinsic pathway, mito-

chondria-mediated intrinsic pathway, and endoplasmic

reticulum (ER) stress-mediated apoptotic pathway have

been elucidated.

The accumulation of unfolded or misfolded protein in

ER can induce ER stress. As a protective mechanism, ER

triggers the UPR to protect cells against ER stress [2, 3].

UPR is mediated by one ER molecular chaperon GRP78

and three ER-resident transmembrane proteins, PERK,

IRE1 and ATF6 [4, 5]. Activated PERK blocks general

protein synthesis by phosphorylating eIF2a. ATF6 is

cleaved to produce an active ATF6 (50 kDa), which reg-

ulates the expression of ER chaperones and XBP-1. XBP-1

mRNA is spliced by IRE1 to create a potent transcription

factor XBP-1S, which controls the transcription of chap-

erones, as well as genes involved in protein degradation.

Collectively, these UPR signaling pathways initiate cell

protective mechanisms to protect cells against ER stress-

induced damage. However, if protein aggregation is per-

sistent and the stress cannot be alleviated, cell apoptotic
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pathways will be initiated [6]. CHOP, also known as

growth-arrest and DNA-damage inducible gene 153

(GADD153), is a key pro-apoptotic transcription factor that

is closely related to ER stress [7, 8]. During ER stress, all

the three arms of the UPR act together to induce tran-

scription of GADD153. Of these three arms, the PERK-

eIF2a-ATF4 branch plays an essential role in up regulating

GADD153 protein [8].

Selenium is an essential nutrient element with a che-

mopreventive role against cancer at nutritional levels and

anticancer potential at supranutritional doses [9, 10].

Apoptosis is one mechanism by which selenium expresses

its anticancer effect. Sodium selenite, a common dietary

form of selenium, can effectively induce several cancer cell

lines to undergo apoptosis, raising a new idea for its clin-

ical application [11–13]. The human acute promyelocytic

leukemia-derived NB4 cell is derived from the marrow of a

patient with APL in relapse [14]. All-trans retinoic acid

(ATRA) and arsenic trioxide have been successful in

treating APL, but both drugs have some limitations [15,

16]. In previous studies, we discovered that 20 lM sodium

selenite markedly inhibited the proliferation and induced

apoptosis of NB4 cells in a time-dependent manner [17,

18]. In the present study, we further investigated the

molecular mechanisms by which 20 lM sodium selenite-

induced apoptosis in NB4 cells.

Materials and methods

Reagents and antibodies

Sodium selenite (the purity is 98%) and Rh123 were pur-

chased from Sigma-Aldrich. M-MLV was purchased from

Promega. MnTMPyP was purchased from Calbiochem.

The antibodies purchased from Cell Signaling Technology

are cleaved caspases antibody sampler kit, anti-eIF2a, anti-

phospho-eIF2a (Ser51), anti-AKT, anti-phospho-AKT

(Ser308); antibodies purchased from Santa Cruz are anti-

phospho-PERK (Thr981), anti-GADD153, anti-CREB2

(ATF4), anti-ATF6, anti-caspase-4. Anti-XBP-1 was pur-

chased from Biolegend, anti-GRP78 from BD transudation

laboratories, and anti-b-actin from Sigma-Aldrich. ROS

detection kit was purchased from Beyotime Company

(Jiangsu, China).

Cell culture

NB4 cells were cultured in RPMI 1640 medium supple-

mented with 10% fetal bovine serum, 100 units/ml

penicillin, and 100 lg/ml streptomycin at 37�C in a

humidified atmosphere of 5% CO2.

Immunoblotting analysis

Approximately 1 9 107 cells were collected, washed twice

with ice-cold PBS, and lysed in cell lysis RIPA buffer

(20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,

1 mM b-glycerolphosphate, 1 mM Na3VO4, 1 lg/ml leu-

peptin, 1 mM PMSF) for 5 min on ice and then subjected

to sonication for 20 s. The lystates were centrifuged at

12,000g for 10 min at 4�C. The supernatant was collected,

and protein concentration was determined by the Bradford

assay. Equal amounts of protein were separated by 12% (or

15%, depending on the protein of interest) SDS-PAGE and

transferred onto nitrocellulose membranes. The membranes

were blocked with TBST containing 5% non-fat milk and

incubated with primary antibodies overnight at 4�C. After

washing with TBST, membranes were incubated with

HRP-conjugated secondary antibodies for 60 min at room

temperature. After a second round of washing with TBST,

the blots were probed with the ECL system.

ROS measurement

Cells in 6-well culture plates were incubated with or

without 10 lM MnTMPyP for 1.5 h before being subjected

to sodium selenite treatment. Harvested cells were washed

with serum-free culture medium and incubated with 10 lM

DCFH-DA at 37�C for 20 min. The DCF fluorescence

distribution of 4 9 105 cells was recorded every 10 min by

a fluorospectrophotometer at an excitation wavelength of

488 nm and at an emission wavelength of 535 nm for up to

80 min.

Small interference RNA

The GADD153-specific siRNA (sense 50-CCAGGAAACG

GAAACAGA-30; antisense 50-UCUGUUUCCGUUUCC

UGG-30) [19], and non-silencing scrambled siRNA were

synthesized and purchased from GenePharma (Shanghai

Co. Ltd., China). For siRNA transfection, NB4 cells were

plated in 6-well culture plates at density of 3.5 9 105 and

transfected with siRNA by using LipofectamineTM 2000

reagent (Invitrogen) according to the manufacturer’s pro-

tocol. Briefly, for each well, 5 ll LipofectamineTM 2000

was diluted in 250 ll Opti-MEMI medium (Invitrogen).

This mixture was carefully added to a solution containing

200 nM siRNA in 250 ll Opti-MEMI medium. The solu-

tion was incubated for 20 min at room temperature, and

then gently dripped into the NB4 cells in 2 ml antibiotic

free medium. Regular growth medium was added 6–12 h

after transfection. 24 h after transfections, cells were trea-

ted with 20 lM sodium selenite.
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RT-PCR

Total RNA was extracted by Trizol reagents according to

the manufacturer’s instructions. Reverse transcription was

carried out by M-MLV and the obtained cDNA was sub-

jected to PCR. Primers were as follows: EDEM: F: -50-AT

ATGGTGCCCTCCCTGAGAG-30; R: 50-GATTGCAGT

TGGAGCTGGAGT-30. GADD153: F: 50-GCCTTTCTC

TTCGGACACTG-30; R: 50-TCACCATTCGGTCAATC

AGA-30. GAPDH: F: 50-CAACAGCCTCAAGATCAT

CAGC-30; R: 50-TTCTAGACGGCAGGTCAGGTC-30.

Flow cytometric analysis of mitochondrial membrane

potential (Dwm)

NB4 cells were pretreated with or without 10 lM

MnTMPyP for 1.5 h and then treated with 20 lM sodium

selenite for 24 h. Approximately 1 9 106 cells were col-

lected, washed twice with ice-cold PBS, and incubated in

1 ml staining solution (PBS containing 10 lg/ml Rh123)

for 30 min in the dark at 37�C. Then, after rinsing with

PBS, cells were resuspended in 0.5 ml PBS. The fluores-

cent intensities of Rh123 were determined by an EPICS

XL-MCL flow cytometry.

Flow cytometric analysis of cell apoptosis

Approximately 1 9 106 cells were collected, washed twice

with ice-cold PBS, and fixed with 70% ethanol at 4�C

overnight. The cells were then collected by centrifugation

and resuspended in 0.5 ml PBS containing 50 lg/ml RNase A.

The system was incubated at 37�C for 30 min, and then

kept on ice to stop the reaction. PI solution was then added

to achieve a final concentration of 50 lg/ml, and cells were

stained for at least 30 min on ice in the dark. The resultant

cell suspension was then subjected to flow cytometry

analysis.

Statistical analysis

Data were analyzed by ANOVA analysis with the Student t

test. A value of P \ 0.05 was considered statistical

significance.

Results

Sodium selenite activates caspase cascades in NB4 cells

We first assessed the effects of sodium selenite on

caspases activation in NB4 cells by western blot. The

results showed that the activated cleavage fragment of

caspase-9 increased after 12 h exposure to sodium sele-

nite, whereas the activated cleavage fragment of caspase-8

was not detected (data not shown). Caspase-4 was also

activated by treatment with sodium selenite, as shown

from the decrease of pro-caspase-4 and the increase of

cleavage fragment. In parallel with the activation of

caspase-9 and -4, there were also increases in the cleav-

age of effector caspases, namely caspase-3, -6, and -7

(Fig. 1). The activation of caspase-9 and -4 indicated that

mitochondria and ER stress-mediated apoptotic pathways

might be involved in sodium selenite-induced cell apop-

tosis in NB4 cells [1, 20]. Sodium selenite-induced

mitochondrial apoptotic pathway has been demonstrated

by our and some other studies [11, 17]. Next, we asked

whether sodium selenite can induce ER stress-mediated

apoptotic pathway.

Sodium selenite induces ER stress in NB4 cells

To determine whether sodium selenite-induced ER stress,

we investigated several crucial ER stress markers, includ-

ing phospho-PERK, phospho-eIF2a, ATF4, XBP-1S,

ATF6 and molecular chaperon GRP78 (Fig. 2a). Phos-

phorylation of PERK was induced at 3 h, and then

gradually decreased. The level of phosphorylated form of

eIF2a began to increase at 6 h, which occurred just a

slightly later than the phosphorylation of PERK, peaked at

9 h and declined at longer periods of incubation. Total

eIF2a protein level did not change throughout the incuba-

tion periods examined. Combining these results, we infer

that the increase of eIF2a phosphorylation is likely due to

Fig. 1 Sodium selenite activates caspase cascades. Total cell lysates

were prepared from cells at indicated times following sodium selenite

exposure, and subjected to western blot. b-actin was used as a loading

control. The results shown are representative of at least three

independent experiments
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the activation of PERK. Phosphorylation of eIF2a by

PERK inhibits its activity as an initiating factor, thus

leading to suppression of protein synthesis. However,

phosphorylated eIF2a selectively induces the translation of

ATF4 mRNA [21, 22]. In line with this, the expression of

ATF4 in NB4 cells was induced after sodium selenite

treatment (Fig. 2).

Two other ER stress-related proteins IRE1 and ATF6

were also investigated. Activated product of ATF6, the

50 kDa fragment increased slightly first and then returned

to its basal level or a bit below (Fig. 2a). Activated IRE1

results in XBP-1 mRNA splicing and the spliced-XBP-1

mRNA encodes a potent transcription factor XBP-1S [23].

Using IRE1-mediated XBP-1 splicing as a surrogate mar-

ker, we further assessed the effect of sodium selenite on

IRE1 activation. 54 kDa XBP-1S protein was induced soon

after exposure to sodium selenite, and then its level grad-

ually decreased (Fig. 2a). As a transcription factor, XBP-

1S protein induces EDEM gene transcription [24], which

plays a role in ER-related protein degradation [25]. Using

RT-PCR, we assessed EDEM mRNA production (Fig. 2b).

Consistent with the induction of XBP-1S protein, the level

of EDEM mRNA increased soon after sodium selenite

exposure and then decreased. Based on these results, we

conclude that sodium selenite induces all three UPR sig-

naling pathways, including PERK-eIF2a-ATF4, IRE1-

XBP-1S and ATF6 in NB4 cells, but the activation of

ATF6 is less sensitive to sodium selenite than the other.

Although activated UPR signaling pathways, sodium sel-

enite treatment did not change ER molecular chaperone

GRP78 protein level (Fig. 2c), which functions as part of

the protective mechanisms induced by the UPR pathways

to maintain protein folding-competent state [5, 26]. As a

consequence, NB4 cells were deprived of one of the main

pro-survival mechanisms during sodium selenite-induced

ER stress.

GADD153 involves in ER stress-mediated cell

apoptosis

Having confirmed the initiation of ER stress by sodium

selenite treatment, we next investigated whether sodium

selenite-induced ER stress actually contributed to NB4 cell

apoptosis. GADD153 is induced during ER stress and

regularly participates in ER stress-mediated apoptosis [8].

RT-PCR and western blot results showed that GADD153

mRNA and protein levels increased markedly at 1.5 h after

exposure to sodium selenite and peaked at 9 h (Fig. 3a). To

further establish a functional role of GADD153 in sodium

selenite-induced NB4 cell apoptosis, GADD153-specific

siRNA was used to inhibit GADD153 expression [19].

A scrambled RNA duplex was used as a negative control.

GADD153-specific siRNA effectively down-regulated

GADD153 mRNA and protein levels and reduced sodium

selenite-induced cell apoptosis significantly compared with

scrambled siRNA (Fig. 3b, c). These results indicate that

GADD153 participates in ER stress-mediated apoptosis

induced by sodium selenite in NB4 cells.

GADD153 inhibits the activity of AKT

What is the downstream signal of GADD153-mediated cell

apoptosis? AKT plays a critical role in controlling cell

survival by resisting ER stress-induced apoptotic signal

[27]. Western blot result showed that phospho-Thr 308-

AKT (the activated form of AKT) decreased in a time-

dependent manner after sodium selenite treatment; while

no apparent change of AKT level was observed (Fig. 4a).

This probably points to an anti-apoptotic role that activated

AKT plays in sodium selenite-induced apoptosis. Silencing

of GADD153 gene expression prevented the reduction of

phospho-Thr 308-AKT in response to sodium selenite

(Fig. 4b). Thus GADD153-induced cell apoptosis is

Fig. 2 Sodium selenite induces ER stress in NB4 cells. a Time-

dependent effects of sodium selenite on activation of UPR effectors.

Total cell lysates were prepared from cells at indicated times

following sodium selenite exposure, and subjected to western blot.

b Effects of sodium selenite on transcription of EDEM. Total RNAs

were extracted from cells at indicated times following sodium selenite

exposure, and EDEM gene transcription was examined by RT-PCR.

GADPH was taken as an internal control for loading normalizations.

c Time-dependent effect of sodium selenite on GRP78 expression.

b-actin was used as a loading control. The results shown are

representative of at least three independent experiments
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probably mediated by inhibition the activation of anti-

apoptotic kinase AKT.

Sodium selenite-induced ER stress requires ROS

generation

Next, we investigated the upstream regulatory mechanisms

leading to sodium selenite-induced ER stress. Sodium

selenite has been reported to induce the generation of ROS

during apoptosis [28, 29]. As anticipated, DCFH-DA-

dependent measurements showed that intracellular ROS

levels were significant increase in cells treated with 20 lM

sodium selenite (Fig. 5a). Pretreatment with antioxidant

10 lM Mn(III) tetrakis (1-methyl-4-pyridyl) porphyrin

pentachloride MnTMPyp, a cell-permeable superoxide

scavenger, abrogated the increase in ROS and simultaneity

completely inhibited cell apoptosis induced by sodium

selenite (Fig. 5a, b), suggesting that ROS plays an impor-

tant role in sodium selenite-induced cell apoptosis. To test

the relationship between sodium selenite-induced ROS

production and ER stress, we incubated NB4 cells with

MnTMPyP, prior to sodium selenite treatment. The results

showed that MnTMPyp significantly attenuated sodium

selenite-induced activation of UPR, as well as abrogated

the expression of ATF-4 and GADD153 following sodium

selenite stimulation (Fig. 5c). Next, we also investigate the

effect of scavenging ROS by MnTMPyP on selenite-

induced mitochondrial dysfunction. Pretreatment with

MnTMPyp prevented sodium selente-induced mitochon-

drial membrane permeabilization and the activation of

caspase-9, -3, and -6 (Fig. 5d, e). These results indicate that

ROS plays a major role in sodium selenite-induced ER

stress and mitochondrial dysfunction in NB4 apoptosis

process.

Fig. 3 Sodium selenite induces GADD153-mediated cell apoptosis.

a Time-dependent effect of sodium selenite on GADD153 expression.

Total RNA and cell lysates were prepared from cells at indicated

times following sodium selenite exposure, and subjected to RT-PCR

and western blot, respectively. b The mRNA and protein levels of

GADD153 were determined by RT-PCR and western blot,

respectively. Cells were transfected with GADD153-specific siRNA

and scrambled siRNA. 24 h after transfection, cells were treated with

20 lM sodium selenite for 24 h. c Apoptosis was examined by flow

cytometry. *P \ 0.05 compared with the scrambled siRNA (n = 3).

b-actin was used as a loading control. The results shown are

representative of at least three independent experiments

Fig. 4 GADD153-siRNA

inhibits the inactivation of AKT

induced by sodium selenite.

a Time-dependent effect of

sodium selenite on the activity

of AKT. b GADD153-specific

siRNA prevented

dephosphorylation of AKT in

response to sodium selenite.

b-actin was used as loading

control. The results shown are

representative of at least three

independent experiments
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Discussion

In this study, we delineate the apoptotic signaling pathways

activated by sodium selenite in NB4 cells. Sodium selenite

induces ER stress by activating UPR and inducing

GADD153, which contribute to NB4 cell apoptosis by

inhibition of AKT activity. Antioxidant suppresses sodium

selenite-induced ER stress and mitochondrial dysfunction.

Taken together, these results indicate that sodium selenite-

induced ROS generation is an early event that triggers ER

stress and mitochondrial dysfunction in NB4 cells. The

proposed apoptotic pathways induced by sodium selenite

are depicted in Fig. 6.

It has been reported that selenium can cause global

thiol/disulfide redox modification of numerous proteins,

which may result in accumulation of misfolded or

unfolded proteins in the ER, thus triggering ER stress

[2–4]. The present work showed that the three UPR

transducer pathways, PERK-eIF2a, IRE1-XBP1S and

ATF6 were activated at earlier times of sodium selenite

exposure, although their activation receded at later stages

of sodium selenite exposure. Activation of PERK-eIF2a
signaling blocks general protein synthesis and reduces the

burden caused by more unfolded proteins. Nevertheless

phosphorylated eIF2a selectively activates the translation

of the transcription factor ATF4, which induces

GADD153 expression at later stages of sodium selenite

exposure [21, 22]. The primary function of UPR is to

protect cells against ER stress-induced damage. If the

stress level is too severe to be repaired by cells, the

Fig. 5 Sodium selenite-induced ROS generation triggers ER stress

and mitochondrial dysfunction. NB4 cells were pretreated with or

without 10 lM MnTMPyP for 1.5 h and then treated with sodium

selenite for indicated times. a The level of ROS in cells detected by

DCFH-DA-dependent measurements. b The effects of MnTmPyP on

sodium selenite-induced cells apoptosis by flow cytometry analysis.

*P \ 0.05 compared with sodium selenite-treated group (n = 3).

c The effects of MnTmPyP on ER stress markers. Total cell lysates

were prepared from cells at indicated times following sodium selenite

exposure and subjected to western blot. d The effect of MnTmPyP on

mitochondrial membrane potential by flow cytometry analysis. e The

effects of MnTmPyP on activation of caspase-9, -3 and -6. b-actin

was used as a loading control. The results shown are representative of

at least three independent experiments
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apoptotic signals will be triggered [6]. It is thus not sur-

prised that sodium selenite activates UPR pathways at

early stages of treatment and induces apoptotic markers

GADD153 later on.

The robust expression of GADD153 by the classic ER

stress inducers has been well documented [7, 8]. The

present study suggests that GADD153 is important in

sodium selenite-induced NB4 cell apoptosis as GADD153-

specific siRNA diminished cell apoptosis. However, the

down stream effectors of GADD153 are poorly understood.

GADD153 expression can result in the down-regulation of

Bcl-2 expression, depletion of cellular glutathione, and

exaggerated production of ROS [30]. Zu et al. [26] found

that GADD153 might play a positive role in upregulating

the expression of p21 in a p53-independent manner. In this

study we found that silencing of GADD153 gene expres-

sion by siRNA prevented sodium selenite-induced the

inactivation of anti-apoptotic kinase AKT. These data

suggest that GADD153 acts as a critical negative regulator

of AKT in sodium selenite-induced NB4 cell apoptosis.

Activated AKT can induce the phosphorylation of bad and

cause a decrease of cytochrome c release [31]. How

GADD153 mediates dephosphorylation of AKT is

unknown. TRB3 has recently been reported to be the target

of GADD153/ATF4, and involved in GADD153-depen-

dent cell apoptosis during ER stress [32]. It was also

reported to bind to unphosphorylated AKT and prevent its

activation [33]. So it is possible that GADD153 mediates

the inactivation of AKT through induction of TRB3

expression. Although sodium selenite clearly activated

UPR signaling, the primary ER chaperone GRP78 was not

induced by sodium selenite, suggesting that the enhance-

ment of protein folding capacity as a cell protective

mechanism was probably not up-regulated by sodium

selenite.

We demonstrated that sodium selenite-induced NB4 cell

apoptosis was associated with the production of ROS and

mitochondrial damage [17]. What are the relationships

between these three signals? Sodium selenite-induced the

activation of UPR at early times and than activated

GADD153, which may initiate and amplify mitochondrial

membrane permeabilization by dephosphorylation of AKT

and Bad. Thus GADD153 may mediate the apoptotic sig-

nals from ER to mitochondria. The activation of UPR is

probably earlier than mitochondrial dysfunction. It was

reported that high levels of ROS can be an effective

inducer of cell apoptosis, probably through activation of

ER stress-mediated apoptotic pathway [34]. Removal ROS

by antioxidant MnTMPyP could attenuate sodium selenite-

induced the activation of UPR and at the same time abolish

the expression of ATF4 and GADD153 induced by sodium

selenite. MnTMPyP also completely prevented sodium

selenite-induced mitochondrial membrane permeability,

and the activation of caspase-9 and -3. In conclusion, these

results show that the production of ROS is an early event

that initiates mitochondria and ER stress-mediated apop-

totic pathways in NB4 cells.
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