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Abstract Selenium at low concentrations has a chemo-
preventive role against cancer, while at high concentrations,
selenite exerts a direct antitumor effect. However, the
mechanisms behind these effects remain elusive. In this
study, we found that different concentrations of selenite
triggered different signal pathways in human leukemia NB4
cells. Low concentrations of selenite elicited mild endo-
plasmic reticulum (ER) stress and mediated cell survival by
activating unfolded protein response signaling, whereas
high concentrations of selenite induced severe ER stress
and caused cell death by activation of the pro-apoptotic
transcription factors GADD153. In addition, selenite at low
concentrations activated other anti-apoptotic pathways,
such as AKT and ERK, whereas high concentrations of
selenite induced activation of p53 and oxidative stress,
which mediated the antitumor activity of selenite by
causing mitochondrial dysfunction and caspase activation.
These findings uncover the molecular mechanisms of the
chemopreventive and antitumor effects of different concen-
trations of selenite.
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Introduction

Acute promyelocytic leukemia (APL) is a subtype of acute
myeloid leukemia (AML-M3), characterized by a specific
chromosome translocation t(15;17) (q22;qll-12) and the
expression of PML-RAR«fusion protein [1]. The perma-
nent cell line NB4 is derived from the marrow of a patient
with APL in relapse [2]. All-trans retinoic acid and arsenic
trioxide have been successful in treating APL [3, 4], but
both drugs have some limitations. Thus, development of
new therapeutic agents for APL patients is needed.

Selenium is an essential nutrient with a chemopreventive
role against cancer at nutritional levels and antitumor potential
at supranutritional doses [5, 6]. It has been reported that
selenium at low concentrations can increase cell proliferation
and suppress apoptosis caused by some stimuli while at
higher concentrations decrease cell proliferation and cause
apoptosis [7, 8]. Our previous works demonstrated that
20 pM selenite could inhibit the growth and proliferation of
cultured cell lines including NB4, HL60, and U937 and
induce cell apoptosis, while selenite at 2 uM did not have
such effects [8—10]. cDNA microarray analysis found that
both treatments induced significant gene-expression pattern
changes. Different concentrations of selenite could have
different effects on cells [10]. However, the mechanisms of
these effects are not fully understood.

The accumulation of unfolded or misfolded protein can
result in endoplasmic reticulum (ER) stress [11, 12]. ER
triggers the unfolded protein response (UPR) to protect
cells against ER stress. Three ER-resident transmembrane
proteins, PERK, IRE1, and ATF6 have been identified as
the proximal sensors of ER stress [13, 14]. Other survival

@ Springer



734

Ann Hematol (2009) 88:733-742

responses are also activated to counteract the adverse effects
of ER stress [15]. The activation of AKT, ERK, and
transcriptional regulator NF-kB has well-characterized roles
in anti-apoptotic pathways [16—18]. However, if these
survival responses are not sufficient to rescue cell, the cell
will trigger apoptotic signals [19]. CHOP, also known as
growth-arrest and DNA-damage inducible gene 153
(GADDI153), is a key pro-apoptotic transcription factor that
is closely related to ER stress [20, 21]. A paradox of UPR is
that the response leads to the simultaneous activation of both
adaptive and apoptotic pathways. Thus the UPR, survival
response, and apoptotic response are simultaneously activat-
ed following ER stress, and the balance between them
determines whether the cell survives or undergoes apoptosis.

Materials and methods
Reagents and antibodies

Sodium selenite, dimethy] thiazolyl dipheny! tetrazolium salt
(MTT), and Rh123 were purchased from Sigma-Aldrich.
Pifithrin-o and MnTMPyP were purchased from Calbiochem.
The antibodies to the following proteins were used in this
study: Cleaved Caspases Antibody Sampler Kit, casapse-2,
elF2«, phospho-elF2x (Ser51), AKT, phospho-AKT (Ser
473), ERK, phospho-ERK (Thr202/Tyr204), NF-kB, p53,
and phospho-p53 (Ser15) were purchased from Cell Signaling
Technology; phospho-PERK (Thr981), CHOP/GADDI53,
ATF6 (N-16), and caspase-4 (N-15) from Santa Cruz; XBP-
1 from Biolegend; and {3-actin from Sigma-Aldrich. The
reactive oxygen species (ROS) detection kit was purchased
from Beyotime Company (Jiangsu, China).

Cell cultures

NB4 cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO,. Cells were exposed to different
concentrations of selenite (2, 5, 10, 20 uM) for 24 h.

Cell viability assay

Approximately 10* cells were seeded to achieve a total
volume of 200 ul in 96-well plates and treated with 2—
20 uM selenite for up to an additional 3 days (0, 1, 2, or 3).
Cells were collected by centrifugation at 250xg for 10 min.
One hundred microliters of medium and 20 ul MTT (5 mg/ml
in phosphate-buffered saline (PBS)) were added to each
well and incubated for 4 h at 37°C. Cells were collected
by centrifugation at 250xg for 10 min and resuspended in
150 ul dimethyl sulfoxide. The optical density (OD) value
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at a wavelength of 492 nm was measured as a direct
indication of the relative vitality (RV) of cells. RV=
(ODExp/ODCon)*100% is an indication of the inhibitory
effect of the growth and proliferation of NB4 cells.

Apoptosis detection by flow cytometry

Approximately 10° 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 pg/ml RNase
A. The cells were incubated at 37°C for 30 min, and then
put on ice to stop the reaction. Propidium Iodide (PI) solution
was then added to achieve a final concentration of 50 pg/ml,
and cells were stained for at least 30 min on ice in the dark.
The resulting cell suspension was then subjected to flow
cytometry with excitation at 488 nm and emission at 620 nm.

Detection of mitochondrial membrane potential

Mitochondrial membrane potential (Alpm) was measured
using flow cytometry with Rhodamine 123 (Rh123) and PI
double labeling. Briefly, about 10° cells were collected and
washed twice with PBS and incubated in 1 ml of staining
solution containing 10 pg/ml Rh123 in PBS for 30 min in
the dark at 37°C. Fifty micrograms per milliliter PI was
then added to the cells and incubated for another 30 min.
Fluorescence intensities were determined by flow cytometry.

Western blot

Cells were washed twice with ice-cold PBS and lysed in
radioimmunoprecipitation assay cell lysis buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 1 mM ethylenediamine
tetraacetic acid, 1 mM ethyleneglycoltetraacetic acid, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM f3-
glycerolphosphate, 1 mM Na3VO4, 1 ug/ml Leupeptin,
1 mM phenylmethanesulfonyl fluoride). The cell lysates
were sonicated on ice by ultrasonication (model VC 750,
Sonics) for 20 s at 25% power output and centrifuged at
40,000xg for 10 min at 4°C. The supernatant was collected,
protein concentration was determined by the Bradford
assay, and equal amounts of protein were loaded on 12%
(or 15%, depending on the protein of interest) sodium
dodecyl sulfate polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes. The membranes
were blocked with Tris-buffered saline Tween-20 (TBST)
containing 5% non-fat milk and incubated with primary
antibodies overnight at 4°C. After washing with TBST
containing 0.1% Tween 20, the membranes were incubated
with sufficient dilutions of rabbit anti-mouse or goat anti-
rabbit peroxidase-conjugated secondary antibodies for
60 min at room temperature. After a second wash, the
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blots were probed with an enhanced chemiluminescence
(ECL) substrate (Amersham) and exposed to Hyperfilm
ECL to visualize the immunoreactive bands.

ROS measurement

Intracellular ROS levels were determined by measuring the
oxidative conversion of cell permeable 2',7" dichlorofluor-
escein diacetate (DCFH-DA) to fluorescent dichlorofluor-
escein (DCF) in a fluorospectro-photometer. Cells treated
with different concentrations of selenite for 10 min were
washed with serum-free medium and incubated with 10 uM
DCFH-DA at 37°C for 20 min. The DCF fluorescence
distribution of 4x10° cells was detected by fluorospectro-
photometer analysis at an excitation wavelength of 488 nm
and at an emission wavelength of 535 nm.

Small interference RNA

The GADDI153-specific siRNA (sense 5-CCAGGAAACG
GAAACAGA-3’; antisense 5'-CUCUGUUUCCGUUUCC
UGG-3") [22], p53-specific siRNA (sense 5'-CUACUUC
CUGAAAACAACG-3'; antisense 5-CGUUGUUUUCAG
GAAGUAG-3") and nonsilencing scrambled siRNA were
synthesized and purchased from GenePharma (Shanghai
Co. Ltd China). For siRNA transfection, NB4 cells were
plated in six-well culture plates at density of 3.5x10° and
transfected with siRNA by using Lipofectamine™ 2000
reagent (Invitrogen) according to the manufacturer’s proto-
col. Briefly, for each well, 5 ul Lipofectamine2000 was
diluted in 250 pl Opti-MEMI medium (Invitrogen). This
mixture was carefully added to a solution containing
200 nmol/l siRNA in 250 upl Opti-MEMI medium. The
solution 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. Twenty-four hours after transfections,
cells were treated with 20 uM sodium selenite.

Statistical analysis

Data were analyzed by analysis of variance (ANOVA) anal-
ysis with Tukey’s multiple comparisons and Student’s 7 test.
A value of p<0.05 was considered statistical significance.

Results

Different effects of different concentrations of selenite
on cells

NB4 cells were exposed to different concentrations of
selenite (2-20 uM) for up to an additional 3 days. MTT

assay was used to determine cell viability. The results
showed that selenite resulted in a dose-dependent change in
cell viability. Selenite treatment (2 uM) for 24 h had no
effect on cell viability but markedly increased cell viability
for 48 h. The reduction in cell viability was observed
starting at 5 uM selenite treatment, with maximum
reduction observed at 20 uM (Fig. la). Cells treated with
increasing concentrations of selenite were collected at 24 h,
and the frequency of apoptosis was determined by flow
cytometry analysis of the cells with sub-G1 DNA content,
which is a marker of apoptosis. Figure 1b shows that the
control and 2 uM selenite-treated groups have a very low
percentage of sub-G1 cells, while a substantial increase of
sub-G1 cells was observed with higher concentrations of
selenite (5-20 puM) treatment. These results show that
selenite above 5 uM reduces NB4 cell viability and induces
apoptosis, while 2 uM selenite increases cell viability and
has no effect on apoptosis.

Selenite activates UPR and GADD153 at low and high
concentrations, respectively

To determine the effects of different concentrations of
selenite on ER stress, we investigated the activation of ER
stress markers, including UPR markers PERK-elF2«, XBP-
1S, ATF6, and apoptosis-related molecule GADD153. NB4
cells were treated with different concentrations of selenite
for 24 h and subjected to Western blot analysis. Phosphor-
ylation of PERK and elF2« were induced at 2 uM selenite
treatment and then decreased with selenite treatment above
5 uM, while total elF2o protein levels were unchanged.
(Fig. 2a). Activated IRE1 leads to XBP-1 mRNA splicing,
and the spliced-XBP-1 mRNA encodes the potent tran-
scription factor XBP-1S. Using IREl-mediated XBP-1
splicing as a surrogate marker, we assessed the effect of
selenite on IRE1 activation. As shown in Fig. 2a, 54 kDa
XBP-1S protein was induced at 2 uM selenite and then
decreased above 5 pM selenite treatment. Activated
product of ATF6, the 50 kDa cleavage fragment, increased
at 2-5 uM selenite treatments and returned to its basal level
or below at higher concentrations of selenite (Fig. 2a). The
inactivation of ATF6 is less sensitive to the other UPR
signals. All three UPR pathways were significantly activat-
ed by selenite at concentration as low as 2 puM and
decreased at higher concentrations. The apoptosis-related
molecule GADDI153, which is induced during ER stress
and participates in ER stress-mediated apoptosis, was
present at extremely low levels after 2 uM selenite
treatment and was induced significantly above 5 puM
selenite treatments. To further establish a functional role
of GADDI153 in selenite-induced apoptosis of NB4 cells,
GADDI153-specific siRNA was used to inhibit GADD153
expression. A scrambled RNA duplex was used as a
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negative control. As shown in Fig. 2b, GADD153-specific
siRNA reduced GADD153 mRNA and protein expression
and blocked selenite-induced cell apoptosis compared with
cells transfected with scrambled siRNA, suggesting that
GADDI153 is involved in NB4 cell apoptosis induced by
high concentrations of selenite.

Selenite activates AKT and ERK pathways at low
concentrations

In addition to UPR, it remains unclear whether other cell
survival mechanisms such as the AKT and ERK pathways
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are activated in parallel by ER stress. To evaluate the effects
of selenite on the AKT and ERK pathways, NB4 cells were
treated with different concentrations of selenite for 24 h and
subjected to Western blot analysis. Results showed that low
concentrations of selenite upregulated AKT and ERK
phosphorylation, while high concentrations of selenite
inhibited AKT and ERK phosphorylation. Phosphorylation
of AKT was more sensitive to selenite treatment than ERK,
and no apparent changes of AKT and ERK basal levels
were observed (Fig. 3). These observations suggest low
concentrations of selenite activate the AKT and ERK
pathways and mediate cell survival.
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Fig. 2 Selenite induces ER
stress, and GADD153 mediates
cell apoptosis. a Total cell
lysates were prepared and sub-
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Selenite blocks NF-«kB signaling and activates p53 at high
concentrations

The transcription factors NF-kB and p53 regulate the
expression of genes critical for multiple biological process-

20 (uM)
| p-ERK1/2

Selenite 0 2 5 10

Fig. 3 Selenite activities AKT and ERK pathways at low concen-
trations. Total cell lysates were prepared and subjected to Western blot
using antibodies directed to p-AKT, p-ERK, AKT, and ERK,
respectively. (3-actin was used as a loading control

es, including inflammatory reactions, immune responses,
cell proliferation, and apoptosis. The activation of NF-kB
involves the nuclear translocation of the p65 subunit of NF-
kB. In order to evaluate the effects of different concen-
trations of selenite on the activation of NF-kB, the amount
of nuclear translocation of p65 was determined by Western
blot analysis of the nuclear fraction. Result shows that,
above 5 uM selenite treatment markedly inhibited the
nuclear translocation of the p65 (Fig. 4a). Serl5 phosphor-
ylation is essential for p53 to exert its pro-apoptotic effect.
Western blot analysis was performed with a specific anti-
phospho-Ser15-p53 antibody to determine whether p53 was
activated. As shown in Fig. 4a, significant elevation of
phosphorylation of p53 at serl5 was detected following
treatments above 5 uM for 24 h, while no elevation of total
p53 levels was observed. To determine whether p53 is
involved in the selenite-induced NB4 cell apoptosis, P53-
specific siRNA was used to reduce p53 expression, and a
specific p53 inhibitor, pifithrin-o¢ (PFT), was used to inhibit
pS3 activity. Both treatments partially abrogated 20 pM
selenite-induced NB4 cell apoptosis (Fig. 4b, c), suggesting
that p53 plays a role in selenite-induced NB4 cell apoptosis.
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Fig. 4 Selenite blocks NF-kB
but activates p53 at high con-
centrations. a Nuclear extraction
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Selenite activates the caspase cascades at high
concentrations

Activation of caspases is a key process in cell apoptosis.
We assessed the effects of different concentrations of
selenite on caspase activation in NB4 cells by Western blot
analysis. The results showed that the activated cleavage
fragment of caspase-9 increased when cells were exposed
to high concentrations of selenite (5-20 uM), whereas the
activated cleavage fragment of caspase-8 was not detected
(data not shown). Caspase-4 was also activated by
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treatment with high concentrations of 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 cleavage
of effector caspases-3, -6, and -7 in response to high
concentrations of selenite treatment (Fig. 5a). To test the
functional significance of the activated caspases, we used
general caspase inhibitors to interfere with the activity of
total caspases. The general caspase inhibitor zVADfmk
partially suppressed apoptosis induced by 20 uM selenite
(Fig. 5b).
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Fig. 5 Selenite activates cas- a
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Selenite induces mitochondrial membrane potential
collapse at high concentrations

The loss of AYpm is involved in apoptosis of a variety of
cell types. As shown in Fig. 6, high concentrations of
selenite (5-20 uM) treatment for 24 h led to a pronounced
decrease in APpm, as represented by the increase of the pro-
portion of PI and Rh123 double-negative cells. No signifi-
cant alteration in Alm was observed following 2 uM
selenite treatment. Thus, we can conclude that high concen-
trations of selenite induce severe mitochondrial dysfunction.

High concentrations of selenite induce the production of
Reactive Oxygen Species (ROS).

ROS can play an important role in depolarizing
mitochondria and inducing apoptosis. A DCFH-DA-depen-
dent measurement was used to assess ROS levels in NB4
cells treated with different concentrations of selenite for
10 min. A relatively low level of ROS was detected in
control and 2 uM selenite treatment cells, whereas 20 uM
selenite caused rapid increase in ROS production. Selenite
raised the ROS level in a dose-dependent manner (Fig. 7a).
A cell-permeable superoxide scavenger, MnTMPyp signif-
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icantly suppressed selenite-induced cell death (Fig. 7b),
suggesting an important role for superoxide radicals in
selenite-induced cell apoptosis. Consistent with the block-
age of cell apoptosis, MnTMPyp greatly prevented Alpm
collapse and caspase activation induced by 20 uM selenite
(Fig. 7c and d). These results suggest that high concen-
trations of selenite induce the production of ROS, which
mediates NB4 cell apoptosis by causing mitochondrial
dysfunction and caspase activation.

Discussion

Selenium could cause global thiol/disulfide redox modifi-
cation of numerous proteins that may result in protein
unfolding or misfolding in the ER, triggering ER stress
[22, 23]. Thus, it is highly plausible that selenite could
induce ER stress and oxidative stress. So we speculated
that ER stress-induced pro-survival and pro-apoptotic
pathways probably mediate the chemopreventive and
antitumor effects of selenite. Treatment with selenite
induced a number of signaling markers in a dose-dependent
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Fig. 6 Selenite induces Apm collapse at high concentrations. Cells
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manner. These markers can be categorized into two groups:
(a) Survival molecules such as UPR pathway (including
PERK-elF2«, IRE1-XBP-1S, and ATF6), AKT, ERK, and
NF-kB; (b) apoptotic molecules such as GADDI153, p53,
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Fig. 7 High concentrations of selenite induce oxidative stress-
mediated cell apoptosis. a ROS level was detected using a DCFH-
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were pretreated with or without MnTMPYP for 1.5 h and then treated
with selenite for 24 h. b Cell apoptosis was analyzed by flow
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cytometry. *p<0.05 compared with the 20 uM selenite-treated cells. ¢
Mitochondrial membrane potential was determined by flow cytometry
and d the activation of caspases was analyzed by Western blot. Data

are presented as the mean+SD of triplicates and analyzed using
Student’s 7 test
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and caspases. Low concentrations of selenite preferentially
activated the survival responses, whereas high concentra-
tions of selenite led to assembly of the apoptotic molecules
and ROS, which induced mitochondrial membrane perme-
abilization and caspases activation. The net balance
between these signaling cascades probably governs cell
survival or apoptosis. We have schematically presented
these events in Fig. &.

The present work showed that the three UPR transducer
pathways, PERK-elF2«, IRE1-XBPIS, and ATF6, were
activated by selenite at a concentration as low as 2 uM and
inhibited at higher concentrations. The phosphorylation of
elF2a shuts off general translation to reduce the biosyn-
thetic load and thus prevents further accumulation of
unfolded proteins [24]. The activation of XBP-1S and
ATF6 involves up-regulation of ER chaperone proteins,
which increase protein-folding activity and prevent protein
aggregation [25]. In addition, XBP-1S also induces expres-
sion of a subset of genes encoding protein degradation
enzymes (e.g., EDEM), which mediate the degradation of
misfolded proteins by ER-associated degradation (ERAD)
[25]. These UPR signaling pathways protect cells against
ER stress-induced damage by transiently inhibiting transla-
tion (PERK pathway), enhancing protein-folding capacity
(ER chaperone proteins) and degrading terminally mis-
folded or aggregated proteins (ERAD system) [19].

In parallel to the UPR, low concentrations of selenite
activate AKT and ERK that directly prevent apoptotic
signals to provide time for the UPR to function [15, 16, 26, 27].
Activation of endogenous AKT and ERK plays a critical
role in controlling cell survival by resisting the ER stress-
induced apoptotic signals [16, 26]. In conclusion, low
concentrations of selenite protect cells against apoptosis via
activation of UPR, AKT, and ERK in NB4 cells.

However, these cell-protection mechanisms have a limit.
If the stress level is too severe to be repaired by cells, the
apoptotic signals will be triggered [19]. Higher concen-
trations of selenite induce activation of ER-stress apoptotic
markers GADD153, which switches the signaling from pro-
survival to pro-apoptosis [20]. At the same time, higher
concentrations of selenite activate p53 but block the
activation of NF-kB. NF-kB has been suggested to be
associated with increased survival in many tumor cells
[15, 18]. P53 is a well-known tumor suppressor, and its
anti-tumor activity is achieved primarily through the
induction of apoptosis. A recent study has found that ER
stress can trigger p53 activation in a PERK-dependent
manner [28]. NB4 cells express a mutant form of p53 that is
incapable of binding DNA [29]. Inhibition of p53 by RNA
interference or PFT-prevented selenite-induced cytotoxicity
indicated that this transactivation-deficient mutant of p53 in
NB4 cells participates in the apoptotic process in a
transcription-independent manner.

Caspase-9 and -4 rather than caspase-8 are activated by
higher concentrations of selenite, indicating the possible
involvement of both mitochondria and ER stress-dependent
apoptotic pathways in selenite-induced NB4 cell apoptosis
[30, 31]. Selenite has been reported to increase the
generation of ROS during apoptosis [32, 33]. As anticipat-
ed, DCFH-DA-dependent measurements showed that intra-
cellular ROS levels were significantly increased in cells
treated with 20 pM selenite. The removal of ROS by an
antioxidant drug, MnTMPyP, abrogated the increase in
ROS and simultaneously completely inhibited cell apopto-
sis induced by selenite. MnTMPyP pretreatment impeded
selenite-induced Alpm collapse and activation of caspases.
These results suggest that oxidative stress also mediates the
antitumor activity of selenite, probably through induction of
mitochondria dysfunction [34, 35].

Thus, it takes more selenite to elicit ER-stress apoptotic
markers as well as oxidative stress compared with the UPR
and survival markers (over 5 uM for the former versus
2 uM for the later). Low concentrations of selenite elicit
mild ER stress and activate the UPR and survival pathways,
which help cells to cope with and recover from ER stress.
But this rescue effort is limited because these UPR and
survival markers fail to keep up with the increasing
challenge from selenite. Apoptosis-related markers are
activated after selenite treatment above 5 pM. Taken
together, low concentrations of selenite activate UPR and
multiple survival mechanisms that counteract ER stress-
induced cell apoptosis, while high concentrations of
selenite block these survival pathways and at the same
time activate multiple mechanisms that directly trigger cell
apoptosis. These different molecular mechanisms control
selenite adaptation and selenite-induced cell apoptosis.
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