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The ROS/JNK/ATF2 pathway mediates selenite-
induced leukemia NB4 cell cycle arrest and apoptosis
in vitro and in vivo

JJ An1, KJ Shi1, W Wei1, FY Hua1, YL Ci1, Q Jiang1, F Li1, P Wu1, KY Hui1, Y Yang1 and CM Xu*,1

It has previously been shown that selenite can act as an antitumor agent and inhibit cancer cell growth, although the mechanism
responsible for this effect is not well understood. In this study, we have shown that selenite can induce cell cycle arrest and
apoptosis in NB4 cells. Selenite treatment of these cells also inhibited the JNK/ATF2 axis. Further experiments demonstrated
that selenite-induced production of reactive oxygen species (ROS) worked as an upstream of the JNK/ATF2 axis, cell cycle arrest
and apoptosis. Inactivation of ATF2 resulted in decreased affinity of this transcription factor for the promoters of cyclin A, cyclin
D3 and CDK4, which led to the arrest of the NB4 cells in the G0/G1 phase. Finally, in vivo experiments confirmed the antitumor
activity of selenite and the mechanisms that were described in vitro. Taken together, our results indicate that selenite-induced
ROS arrest NB4 cells at G0/G1 phase through inhibiting the JNK/ATF2 axis in vitro and in vivo.
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Acute promyelocytic leukemia (APL) is a well-described form
of acute leukemia that is cytogenetically characterized by a
t(15;17) (q22;q11–12) translocation and the expression of the
PML–RARa fusion protein.1 The continuous cell line NB4 is
derived from the bone marrow of a patient with relapsing
APL.2 Although all-trans retinoic acid (ATRA) and arsenic
trioxide have been successful in treating APL, undesirable
side effects and drug resistance have greatly limited the
application of these drugs.3–5

Selenium is an essential trace element. Super-nutritional
selenium intake has been reported to induce apoptosis
through multiple signaling pathways.6–9 Selenite is an
inorganic form of selenium that induces growth inhibition in
multiple tumor cell lines. Several reports have demonstrated
that selenite is also toxic to multiple types of drug-resistant
tumor cells.10 Moreover, we have shown that selenite can
cure HL60 cell-bearing nude mice in vivo.6 If the effects of
selenite on tumor cells can be clarified, this information can
be used for potential therapeutic applications of this element.

Reactive oxygen species (ROS) are active forms of oxygen
that are derived from normal oxygen metabolic processes.
Our previous study described selenite-induced apoptosis of
NB4 cells via ROS.11–13 However, the exact mechanisms of
this apoptosis are still not well understood. In our cDNA
microarray analysis, we observed that some cell cycle-related
proteins were significantly altered in selenite-treated NB4
cells, which indicated that selenite might have a role in cell

cycle regulation.14 Although a relationship between ROS and
cell cycle arrest has previously been described,15 the exact
mechanisms by which ROS regulate cell cycle progression
have not been well explored.

ATF2 is a CREB (cAMP response element binding) family
member. Normally, ATF2 regulates and heterodimerizes with
other transcription factors, including c-Jun and c-Fos.16

The activation of ATF2 usually requires phosphorylation by
other kinases such as JNK, ERK or p38 MAPK, some of
which have been reported to be regulated by ROS.17–19

ATF2 targets include several pro-survival molecules such as
cell cycle-related proteins.16 Therefore, we are interested in
examining the role of ATF2 as a bridge between ROS and cell
cycle arrest.

In this study, we investigated the mechanisms underlying
the anticancer effects of sodium selenite on NB4 cells.
Our results indicated that sodium selenite induced cell cycle
arrest and apoptosis of NB4 cells via a ROS/JNK/ATF2 pathway.

Results

Selenite inhibits cell cycle progression and induces
apoptosis in NB4 cells. Previous studies have demon-
strated that selenite can induce tumor cell apoptosis and has
anticancer effects in vivo. Consistent with these results, both
Annexin V/PI double-staining experiment and TUNEL assay
showed that 20 mM selenite induced apoptosis and necrosis
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of NB4 cells in a time-dependent manner (Figures 1a and b).
BrdU staining was also applied to examine the effects of
selenite on DNA synthesis in NB4 cells. Selenite treatment
for 6 h slightly increased the proportion of FITC-positive cells,
indicating that the DNA synthesis activity of NB4 cells was
slightly promoted at 6 h. As the treatment time was
increased, DNA synthesis in NB4 cells became increasingly
repressed as demonstrated by the significant decrease in the
proportion of FITC-positive cells (Figure 1c).

As DNA replication is the hallmark of S phase, we
hypothesized that cell cycle progression was being impacted.
Flow cytometric analysis indicated that selenite-treated NB4
cells were arrested at the G0/G1 phase in a dose-dependent
manner (Figure 1d). To fully demonstrate the effects of
selenite on NB4 cells, whole-cell lysates were extracted and
western blotting was performed (Figure 1e). As expected, the
expression levels of CDK4, phospho-Rb, cyclin D3 and cyclin A,
which are markers that are representative of G0/G1
activity, were decreased. Additionally, both caspase-3 and

PARP were cleaved in a time-dependent manner following
selenite treatment, indicating that selenite induced apoptosis.
We also found that the JNK–ATF2 axis was inhibited in
addition to cell cycle arrest in NB4 cells. These results suggest
that selenite-induced apoptosis may be related to the
alteration of cell cycle progression and the inhibition of the
JNK/ATF2 axis.

Selenite-induced ROS are involved in regulating the
JNK/ATF2 axis, cell cycle progression and apoptosis.
The previous experiments indicated that selenite could
induce cell cycle arrest in NB4 cells. Before cell cycle
arrest, the intracellular ROS hydrogen peroxide can be
detected using a DCF (dichlorodihydrofluorescein) assay.
We observed that treatment with 20 mM selenite rapidly
promoted the generation of hydrogen peroxide, while
combined treatment with MnTMPyP, a ROS scavenger,
and selenite could significantly reverse this increase in
hydrogen peroxide formation (Figure 2a).

Figure 1 Selenite induced cell cycle arrest and apoptosis in NB4 cells. (a) Selenite caused NB4 cell apoptosis in a time-dependent manner. After exposure to 20 mM
selenite for various amounts of time, cells were collected and labeled with Annexin V/PI for flow cytometric analysis. The bar graphs represented the mean values of the
apoptotic and necrotic cells, and the experiments were repeated at least three times. (b) TUNEL assay also confirmed selenite apoptosis promotion effects. After cells were
treated with 20mM selenite for various length of time, TUNEL assay was performed to calculate the number of apoptotic and necrotic cells. Bar: 100mm. (c) Selenite inhibited
DNA synthesis in NB4 cells. For flow cytometric analysis, cells were cultured in medium containing 20mM selenite for the indicated times and then pulse-labeled with 20mM
BrdU under normal culture conditions in the dark for 30 min. Cells were then harvested and incubated with 100ml FITC-conjugated anti-BrdU for 1 h before being stained with PI.
Cells actively synthesizing DNA had FITC values above the baseline. Numbers on each image show the percentage of cells above the baseline in each group. (d) Selenite arrested
NB4 cells in the G0/G1 phase. After treatment with different doses of selenite, cells were evaluated by flow cytometric analysis. The bar graphs represented the mean values of the
apoptotic and necrotic cells, and the experiments were repeated at least three times. *Po0.05. (e) Selenite attenuated the JNK/ATF2 axis and the expression of cell cycle-related
proteins. After cells were exposed to 20mM selenite for the indicated times, the levels of cell cycle-related proteins, markers of apoptosis and the JNK/ATF2 axis were detected with
western blot
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To further explore the function of ROS in apoptosis and cell
cycle progression, Annexin V/PI double-staining experiment
and TUNEL assay were carried out, both of which showed that
inhibiting ROS production could reverse the effects of selenite
on apoptosis induction (Figures 2b and c). Moreover, flow
cytometric analysis also indicated that cell cycle arrest was
canceled along with ROS scavenging (Figure 2d). Finally, we
pre-treated NB4 cells with MnTMPyP for 1 h before selenite

exposure. Western blotting indicated that selenite-induced
decreases in cyclin D1, cyclin D3, CDK4, cyclin A and
phospho-Rb were reversed following MnTMPyP pretreat-
ment, while the selenite-induced activation of caspase-3 and
PARP was abolished by this pretreatment. Meanwhile, the
combined use of MnTMPyP and selenite also rescued the
inhibition of the JNK/ATF2 axis. Notably, cells that were
treated with H2O2 were used as a positive control and proved

Figure 2 ROS regulated selenite-induced cell cycle arrest, apoptosis and JNK/ATF2 axis inhibition. (a) Selenite induced ROS generation. After labeling cells with DCF in
the dark, cells were treated with 20 mM selenite. Data were represented as the mean±S.D. (b and c) Selenite-induced ROS production caused apoptosis in NB4 cells. Cells
were pretreated with 10mM MnTMPyP for 1 h and then treated with 20mM selenite for another 24 h. Cells treated with 50mM H2O2 were used as a positive control. Annexin V/PI
staining was performed and analyzed by flow cytometry to detect apoptosis and necrosis. Data were represented as the mean±S.D. TUNEL assay was performed to calculate the
number of apoptosis cells. Bar: 100mm. *Po0.05. (d) Selenite-induced ROS production led NB4 cells to be arrested at G0/G1 phase. Cells were pretreated with 10mM MnTMPyP
for 1 h, and then cells were treated with 20mM selenite for another 24 h. Cells treated with 50mM H2O2 were used as a positive control. Flow cytometry analysis was performed to
detect cell cycle progression. Data were represented as the mean±S.D. *Po0.05. (e) ROS attenuated the JNK/ATF2 axis and the expression of cell cycle-related proteins.
Cells that were treated with 50mM H2O2 were used as a positive control. MnTMPyP and selenite were used in combination, and then markers of apoptosis and the JNK/ATF2 axis
were detected via western blot
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that ROS could also result in the cell cycle arrest, apoptosis
induction and JNK/ATF2 axis inhibition (Figure 2e).

The JNK/ATF2 axis regulates selenite-induced cell cycle
arrest and apoptosis. The experiments described above
showed that selenite-induced ROS caused inhibition of the
JNK–ATF2 axis. We attempted to further determine whether
the JNK–ATF2 axis participated in the regulation of cell cycle
progression and apoptosis. First, the interaction between
JNK and ATF2 was confirmed. After treatment with 20 mM
selenite for 24 h, cells were harvested and lysed on ice.
Immunoprecipitation was performed to determine whether
JNK interacted with ATF2. An interaction between JNK and
ATF2 was observed, and this binding was attenuated after
selenite exposure (Figure 3a). Meanwhile, JNK and ATF2
were indirectly labeled. As you can see, ATF2 interacted with
JNK mainly in the nucleus, while they were separated after
selenite exposure (Figure 3b).

Following pretreatment with siRNA targeting JNK or
SP600125 (the specific inhibitor of JNK), cells were exposed
to selenite for another 24 h. Western blot results indicated that
inhibiting the activation or expression of JNK further reduced
the selenite-induced levels of phospho-ATF2, cyclin A, CDK4
and cyclin D3, whereas increased levels of cleaved caspase-3
and PARP were observed (Figures 3c and f). To fully
demonstrate the function of JNK in this system, we over-
expressed constitutively active JNK plasmid and observed
that the selenite-induced downregulation of phospho-ATF2,
cyclin A, CDK4 and cyclin D3 was reversed and that the
selenite-induced activation of caspase-3 and PARP was
inhibited (Figure 3i). Finally, Annexin V/PI double staining and
TUNEL assay also indicated that inhibiting JNK resulted in
enhanced apoptosis, whereas overexpression of JNK led
to a fewer apoptotic and necrotic cells than selenite alone
(Figures 3d, e, g, h, j and k).

ATF2 regulates cell cycle-related protein expression.
JNK has an important role in modulating cell cycle progres-
sion. ATF2, a transcription factor, has also been shown to be
activated by JNK. Therefore, we speculated that ATF2 might
be involved in regulating cell cycle-related protein expres-
sion. Using a ChIP assay, we found that ATF2 bound to the
promoters of cyclin D3, cyclin A and CDK4 and that this
interaction was attenuated by selenite (Figure 4a). Further-
more, after inhibiting ATF2 expression using siRNA inter-
ference and selenite worked for another 24 h, western blot
analysis indicated that ATF2 inhibition resulted in a further

decrease in phospho-Rb, cyclin D3, cyclin A and CDK4,
whereas increased cleavages of caspase-3 and PARP were
observed (Figure 4b).

When ATF2 overexpression plasmids were transfected into
NB4 cells, this overexpression inhibited the downregulation of
phospho-Rb, cyclin D3, cyclin A and CDK4 and reduced the
cleavages of caspase-3 and PARP (Figure 4e). Annexin V/PI
double-staining analysis and TUNEL assay were performed to
investigate the anti-apoptotic role of ATF2. These experi-
ments indicated that inhibiting ATF2 resulted in enhanced
apoptosis, whereas overexpression of ATF2 led to a fewer
apoptotic and necrotic cells (Figures 4c, d, f and g). Finally, we
performed a combined treatment of CDK4 inhibitor and
selenite. As expected, increased cleavages of caspase-3
and PARP were observed (Figure 4f), which indicated
that apoptosis was enhanced. This conclusion was also
supported by flow cytometric analysis and TUNEL assay
(Figures 4i and j).

Selenite has therapeutic effects in vivo. After exploring
the important role of the JNK/ATF2 axis following selenite
treatment in vitro, further experiments were conducted to
investigate the effects of selenite in vivo. Four-week-old
female nude mice were injected with NB4 cells. Once tumors
were detectable, mice were randomly divided into two groups
and treated with selenite every 2 days (3 mg/kg/day). After
treatment with selenite for 3 weeks, mice were killed for
analysis. A TUNEL assay and H&E staining indicated that
selenite-treated tumor tissues exhibited more dead cells than
tissues from untreated mice.

As CD33 is a leukemic disease marker, we indirectly
labeled CD33-positive cells in spleen and liver tissue sections.
Immunohistochemical staining results indicated that there
were many CD33-positive cells in tissues of control group and
that these cells decreased after selenite treatment
(Figure 5a). These results suggest that selenite has a
therapeutic effect in vivo. We also investigated whether
mechanisms of selenite activity in vivo were consistent with
those that we described in vitro. Whole-tissue cell lysates
were extracted, and western blot analysis indicated that the
JNK/ATF2 axis, cyclin D1, CDK4, cyclin A, phospho-Rb,
PARP and caspase-3 were altered in a similar manner as
previously described in vitro (Figure 5b). Finally, these
proteins were indirectly labeled with primary antibodies, and
immunohistochemical staining results also indicated that
these proteins were altered in the same manner as shown
in vitro (Figure 5c).

Figure 3 The JNK/ATF2 axis regulated selenite-induced cell cycle arrest and apoptosis. (a) JNK interacted with ATF2. Cells were exposed to 20 mM selenite for 24 h, and
immunoprecipitation was used to detect interactions between these proteins. (b) The colocalization of JNK and ATF2 was reduced after selenite exposure. Cells were treated
with 20mM selenite for 24 h, and JNK and ATF2 were indirectly labeled with their unique primary antibodies. The images were generated with a confocal microscope. Bar
represented 10mm. (c and f) Inhibition of ATF2 further decreased the levels of cell cycle-related proteins and enhanced the extent of apoptosis induced by selenite. Cells were
pretreated with 10mM SP600125 for 1.5 h or transfected with siRNA to knock down ATF2. After cells were treated with 20mM selenite for 24 h, the levels of cell cycle-related
proteins, phospho-ATF2 and apoptosis markers were detected by western blot. (d, e, g and h) Inhibition of ATF2 further enhanced the degree of apoptosis induced by selenite.
Cells were pretreated with 10mM SP600125 for 1.5 h or transfected with siRNA to knock down ATF2 and then treated with 20 mM selenite for another 24 h. The apoptotic and
necrotic cells were measured with flow cytometric analysis or TUNEL assay. Data were represented as the mean±S.D. Bar: 100mm. *Po0.05. (i) The overexpression of
constitutively active JNK reversed selenite-induced apoptosis and the decrease in cell cycle-related protein expression. After transfection with constitutively active JNK
plasmids, cells were treated with 20 mM selenite for 24 h. The levels of cell cycle-related proteins, phospho-ATF2 and markers of apoptosis were detected by western blot.
(j and k) Overexpression of constitutively active JNK rescued selenite-induced apoptosis. Cells were transfected with constitutively active JNK plasmids and treated with 20mM
selenite for 24 h. The apoptotic and necrotic cells were measured with flow cytometry or TUNEL assay. Data are represented as the mean±S.D. Bar: 100mm. *Po0.05
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Discussion

Selenite has been shown to have therapeutic effects on a wide
range of cancer cells.20–22 Some studies have indicated that

selenite levels in the nutritional range can inhibit apoptosis,
whereas this element induced apoptosis at levels in the super-
nutritional range.23 Our previous study also showed that
selenite had an effect on cancer cells in in vitro experiments,

Figure 4 ATF2 regulated cell cycle-related protein expression and inhibited apoptosis in selenite-treated NB4 cells. (a) ATF2 bound to the promoters of cyclin D3, cyclin A and
CDK4. A ChIP assay was performed as described above. GAPDH was used as a loading control for the input sample and a negative control in the ChIP sample. (b) Inhibition of
ATF2 expression further reduced the levels of cell cycle-related proteins and increased the cleavages of caspase-3 and PARP compared with selenite treatment alone. After
transfection with siRNA targeting ATF2, cells were treated with 20mM selenite. Levels of cyclin D3, cyclin A, CDK4, cleaved caspase-3 and cleaved PARP were detected by
western blot. (c and d) Inhibition of ATF2 expression resulted in enhanced apoptosis. Cells were transfected with siRNA targeting ATF2 and treated with 20mM selenite. The
apoptotic and necrotic cells were measured with flow cytometry or TUNEL assay. Data were represented as the mean±S.D. Bar: 100mm. *Po0.05. (e) Overexpression of ATF2
reversed selenite-induced apoptosis and the decreased cell cycle-related protein expression. After transfection with ATF2 overexpression plasmids, cells were treated with 20mM
selenite. Levels of CDK4, cyclin D3, cyclin A, cleaved caspase-3 and cleaved PARP were detected by western blot. (f and g) ATF2 overexpression rescued selenite-induced
apoptosis. Cells were transfected with PET61–ATF2 plasmids and exposed to 20mM selenite for 24 h. The apoptotic and necrotic cells were assessed with flow cytometry or
TUNEL assay. Data were represented as the mean±S.D. Bar: 100mm. *Po0.05. (h) Inhibition of CDK4 further enhanced selenite-induced cell cycle arrest and apoptosis. Cells
were pretreated with 2.5mM PD0332991 for 1 h before selenite exposure. Levels of cleaved caspase-3, cleaved PARP and phospho-Rb were detected by western blot. (i and j)
Inactivation of CDK4 further enhanced the extent of selenite-induced apoptosis. Data are represented as the mean±S.D. Bar: 100mm. *Po0.05
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exhibited apparent therapeutic effects in vivo and reduced
toxicity against normal cells compared with tumor cells.24

Therefore, studies exploring the mechanisms by which
selenite induced cell death were necessary. The current
study explored whether super-nutritional levels of selenite had
toxic effects on leukemic NB4 cells in vitro and in vivo.
First, selenite induced ROS production and inhibited the
phosphorylation of JNK. This inhibition of JNK activation
caused dephosphorylation of the transcription factor ATF2.
As ATF2 had high affinity for the promoter sequences of the

cell cycle-related proteins including cyclin A, CDK4 and cyclin
D3, the reduced expression of phosphorylated ATF2 led NB4
cells to be arrested at G0/G1 phase and therefore underwent
apoptosis. This study explored the mechanisms by which
selenite induced apoptosis in NB4 cells.

Progression through the cell cycle is an energy-demanding
process and includes several organized events to allow one
cell divide into two daughter cells. The cell cycle contains G0,
G1, S, G2 and M phases. Cell cycle transitions from one
phase to the next require regulatory mechanisms called
checkpoints. CDK/cyclin complexes are often involved in
these checkpoints.25,26 In the present study, we showed that
selenite arrested NB4 cells at G0/G1 phase by inhibiting the
expression of cyclin D1, cyclin D3, CDK 4 and cyclin A. Cells
at the G0/G1 checkpoint are surveyed to determine whether
their DNA replicates correctly, and these cells will not
transition to the next phase until replication problems are
solved. If DNA repair does not occur after some time, cells will
undergo apoptosis. This study also showed that selenite
induces cell cycle arrest along with the inhibition of DNA
synthesis, further leading to apoptosis in NB4 cells. This
appeared to be the mechanism by which selenite exerted
therapeutic effects on leukemia NB4 cells.

ROS are upstream regulatory factors thought to be involved
in many types of chemical-induced apoptosis. In the past,
ROS have been shown to be involved in regulating selenite-
induced apoptosis, while the exact mechanisms of this
regulation are not well understood. In this study, we showed
that the level of hydrogen peroxide, an intracellular ROS,

Figure 5 The JNK/ATF2 axis was altered by selenite in vivo. (a) Selenite had therapeutic effects in vivo. H&E and TUNEL staining were performed to detect dead cells.
CD33-positive cells in spleen and liver tissue sections were indirectly labeled. The images were visualized with a Zeiss microscope (Jena, Germany). Bar: 100mm. (b) The
JNK/ATF2 axis is altered in vivo. Whole-cell lysates were extracted, and levels of phospho-JNK, phospho-ATF2, phospho-Rb, cyclin A, CDK4, cyclin D3, cleaved caspase-3
and cleaved PARP were detected by western blot. (c) The JNK/ATF2 axis was altered by selenium treatment, similar to the effect seen in vitro. phospho-JNK, phospho-ATF2,
phospho-Rb, cyclin A, CDK4, cyclin D3, cleaved caspase-3 and cleaved PARP were indirectly labeled. The images were visualized with a Zeiss microscope. Bar: 100mm

Figure 6 Selenite-inducedROSinhibited the activity of JNK,s which further
caused dephosphorylation of ATF2, a transcriptional factor of some cell cycle-
related proteins such as Cylin A, Cyclin D3 and CDK4. As a result, NB4 cells were
arrested at G0/G1 phase and finally underwent an obvious apoptosis progression.
After selenite exposure, ROS was arisen rapidly, which further inhibited JNK/ATF2
axis. The inactivation of ATF2 resulted in the decreased affinity of this transcriptional
factor for the promoters of cyclin A, cyclin D3 and CDK4, which in turn led NB4 cells
to be arrested at G0/G1 phase and undergo apoptosis
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rose rapidly following selenite treatment and that scavenging
this ROS could inhibit the effects of selenite on cell cycle
arrest. This is the first demonstration that ROS arrest cells in
the G0/G1 phase by inhibiting the JNK/ATF2 axis.

ATF2 is a cAMP response element binding family member.
The upstream kinase that acts on ATF2 may be JNK/SAPK,
p38 MAPK or ERK depending on the cell type and the type of
stimulation. In the past, ATF2 was known as an oncoprotein
that had anti-apoptotic function and was a cancer therapy
target.26 The pro-survival function of ATF2 was dependent on
its nuclear localization, and ATF2 in the nucleus could interact
with other transcription factors, such as c-Jun, and formed
heterodimers to promote the expression of pro-survival
proteins including Bcl-xL, CDK4 and cyclin D.27–30 However,
ATF2 in the nucleus had other functions, including chromatin
remodeling and DNA repair, that were not dependent on its
transcriptional activity. For example, ATM could phosphor-
ylate ATF2 at Ser490 and Ser498 and further regulated DNA
repair, while the mutation of ATF2 at Ser490 and Ser498
resulted in the destabilization of the genome.25,31

Recently, the role of cytoplasmic ATF2 has been explored.
It has been shown that translocation of ATF2 from the nucleus
to the cytoplasm will result in the inhibition of ATF2 nuclear
pro-survival function. However, some reports have demon-
strated that PKCe phosphorylates ATF2 at T52 and therefore
causes its nuclear export. Thereafter, ATF2 would localize to
the outer mitochondrial membrane where it could interact with
HK1 and VDAC, further causing alterations in mitochondrial
permeability and apoptosis.32 The pro-apoptotic role of ATF2
is related to its transcriptional activity in some cancer cells.
ATF2 has been shown to directly bind to the promoter of Hrk
and induce apoptosis via Hrk upregulation.33 In this study, we
found that the phosphorylation of ATF2 decreased in the
nucleus following selenite treatment and that this decrease
was dependent on the inactivation of JNK/SAPK. Further
experiments indicated that ATF2 regulated cell cycle progres-
sion by binding to the promoters of some cell cycle-related
proteins and therefore regulating their transcription.

Taken together, our study showed that selenite induced
ROS generation, which in turn inhibited the JNK/ATF2 axis
and further downregulated the expression of cell cycle-related
proteins. NB4 cells treated with selenite were arrested in the
G0/G1 phase and underwent apoptosis. Finally, in vivo
experiments demonstrated that selenite had therapeutic
effects on tumors and regulated the JNK/ATF2 axis as it did
in vitro. As shown in Figure 6, this study explored the
mechanisms by which selenite induced apoptosis and the role
of ROS in regulating cell cycle progression.

Materials and Methods
Chemicals and antibodies. Sodium selenite and an anti-b-actin antibody
were purchased from Sigma-Aldrich (St. Louis, MO, USA). PD0332991 was
purchased from Selleck Chemicals (Houston, TX, USA). SP600125 and
MnTMPyP were purchased from Merck Calbiochem (San Diego, CA, USA).
The pCDNA3-JNK vector was obtained from Addgene (www.addgene.org), and the
PET61–ATF2 vector was a kind gift from Drs. Ronai and Lau. The antibodies
reacting with cleaved PARP, cleaved caspase-3, JNK, phospho-JNK, ATF2,
phospho-ATF2, CDK4, cyclin D3, cyclin A, Rb and phospho-Rb that were used for
western blotting were obtained from Cell Signaling Technology (Danvers, MA, USA).
For immunohistochemical staining, an anti-CD33 antibody was purchased from
BIOSS, and anti-phospho-JNK, anti-phospho-ATF2 and anti-phospho-Rb antibodies

were purchased from Cell Signaling Technology, while anti-CDK4, anti-cyclin D3 and
anti-cyclin A antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). HRP-conjugated anti-mouse and anti-rabbit secondary antibodies
were purchased from ZSGB-BIO (Beijing, China). FITC-conjugated anti-mouse and
Cy3-conjugated anti-rabbit antibodies were purchased from Jackson Laboratories
(Amritsar, India).

Cell culture. NB4 cells were cultured in RPMI-1640 medium containing 10%
FCS, 100 U/ml penicillin and 100mg/ml streptomycin at 37 1C and 5% CO2 in a
humidified atmosphere.

Detection of apoptosis with annexin V-FITC/PI staining. Cells
were collected and labeled with Annexin V/PI in 1� binding buffer for 15 min. The
apoptotic and necrotic cells were detected with flow cytometry. The sum of the
Annexin Vþ /PI� and Annexin Vþ /PIþ populations was defined as the total
number of apoptotic and necrotic cells.

DNA synthesis analysis using BrdU-PI staining. Cells were pulse-
labeled with 20mM BrdU under normal culture conditions in the dark for 30 min,
collected by centrifugation at 2500 r.p.m. for 5 min, washed twice with ice-cold
PBS and pipetted into ice-cold 70% ethanol for fixation at � 20 1C for 30 min.
Fixed cells were then collected by centrifugation at 2500 r.p.m. for 5 min, washed
with ice-cold PBS and resuspended in 3 M HCl for denaturation at room
temperature for 20 min. Collected cells were then treated with 0.1 M borax buffer
(0.1 mol/l sodium borate, pH 8.5) for 10 min to terminate the denaturing process;
cells were then collected, washed with PBS and treated with 0.5% Triton X-100 for
10 min at room temperature. Cells were again collected, washed with PBS and
incubated with 100ml of diluted FITC-conjugated antibody against BrdU (5 ml
antibody diluted in 95ml PBS containing 0.5% Tween-20 and 0.5% BSA) at room
temperature for 1 h with occasional agitation. After the antibody solution was
removed by centrifugation at 2500 r.p.m., the cells were treated with RNase A and
stained with PI as described above, and were finally subjected to flow cytometry
analysis. FITC-positive cells were considered to be actively synthesizing DNA.

Cell cycle analysis by flow cytometry. For cell cycle analysis with PI
staining, B106 cells were collected with centrifugation at 2500 r.p.m. for 5 min,
washed twice with ice-cold PBS, resuspended in 0.5 ml PBS and pipetted into cold
70% ethanol for fixation at 4 1C for at least 12 h. Fixed cells were then collected
through centrifugation at 2500 r.p.m. for 5 min, washed with ice-cold PBS and
resuspended in 0.5 ml PBS containing 50 mg/ml RNase A. The system was
incubated at 37 1C for 30 min and then placed on ice to stop the reaction.
PI solution was then added to achieve a final concentration of 50 mg/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 analysis.

Western blotting. For western blots, B1� 106 cells were collected and
washed twice with ice-cold PBS. RIPA lysis buffer (20 nM Tris, pH 7.5; 1 mM
EDTA; 1 mM EGTA; 150 mM NaCl; 1% Triton X-100; 2.5 mM sodium pyropho-
sphate; 1 mM b-glycerol phosphate; 1 mM Na3VO4; 1 mM PMSF and 1mg/ml
leupeptin) was added to the cell pellet and cells were ultrasonicated on ice.
The lysate was then centrifuged at 12 000� g for 10 min at 4 1C, and
supernatants were collected and separated with SDS-PAGE. The proteins were
then transferred to a nitrocellulose membrane, and the membrane was blocked
and washed. The membrane was then incubated with primary antibody at 4 1C for
B12 h and labeled with HRP-conjugated secondary antibodies for 2 h at room
temperature. Finally, the membranes were washed and probed with SuperSignal
chemiluminescent substrate (PerkinElmer, Waltham, MA, USA).

Measurement of ROS production. Intracellular ROS production was
measured by the oxidant-specific fluorescent probe DCFH-DA. Approximately
107 cells were collected after treatment with selenite or other chemical
combinations. The cells were resuspended in serum-free culture medium that
contained the DCFH-DA probe. The cells were then incubated at 37 1C for 30 min.
After incubation, the cells were washed twice using cold PBS and resuspended in
PBS, and fluorescence intensity was measured by excitation at 502 nm and
emission at 530 nm.

siRNA interference. Approximately 106 cells were harvested and washed
with Opti-MEM medium. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and
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an siRNA targeting either ATF2 (50-GGAGCCUUCUGUUGUAGAAUU-30) or JNK
(50-GCCCAGTAATATAGTAGTA-30) were mixed for 25 min. After transfection with
this mixture for B6 h, cells were treated with 20mM selenite for an additional 24 h.
The negative control and targeting siRNA were obtained from GenePharma.

Immunoprecipitation. Approximately 107 cells were lysed with RIPA buffer
on ice for 30 min. Next, 200mg of the lysate was mixed with a suitable amount of
either the ATF2 antibody or the JNK antibody and rotated at 4 1C overnight, while
the remainder of the lysate was kept as the input sample. After the overnight
incubation, this solution was mixed with protein AþG and rotated for 3 h at 4 1C,
and then the samples were washed three times with RIPA buffer. Finally, the
pellets were resuspended with 3� SDS loading buffer and boiled for B10 min.
The samples were then centrifuged briefly, and the supernatants were collected.

Chromatin immunoprecipitation. A Simple ChIP Enzymatic Chromatin
IP Kit was purchased from Cell Signaling Technology. Approximately 106 cells
were crosslinked with formaldehyde for 10 min, and this process was terminated
with glycine at a final concentration of 0.125 M. To extract the nuclear fraction, the
sample was then lysed with buffer A on ice for B10 min. Next, the samples were
incubated with buffer B, and then the lysates were digested with micrococcal
nuclease. This process was stopped with 0.5 M EDTA. The samples were then
centrifuged at 13 000 r.p.m. for 10 min at 4 1C, and the pellets were resuspended
and incubated with P73 antibody overnight at 4 1C. Furthermore ChIP-grade
protein G agarose beads were added, and the mixture was rotated for B3 h at
4 1C. Finally, the DNA was eluted. Primers for GAPDH (sense: 50-TACTAGC
GGTTTTACGGGCG-30, anti-sense: 50-TCGAACAGGAGGAGCAGAGAGCGA-30),
CDK4 (sense: 50-ATGCAGACAGGCTGAAAGAC-30, anti-sense: 50-GATGGCA
GCCACGTGATCTG-30), cyclin D3 (sense: 50-TTCGGGCACTTGACCTTA-30, anti-
sense: 50-GGCCGATTTCTTGACTCTTA-30) and cyclin A (sense: 50-TGTGC
GAGCGGTCTACTG-30, anti-sense: 50-CGCAGACTCAAAGCGTGA-30) that
recognized the ATF2 binding site of each promoter were generated by Sangon
Biotech (Shanghai, China).

Xenograft tumor model. Four-week-old female nude mice were injected
with NB4 cells. After tumors were detectable, mice were randomly divided into two
groups (each group contained five mice) and treated with selenite every 2 days
(3 mg/kg/day). After treatment with selenite for B3 weeks, mice were killed for
analysis. The animals were maintained in accordance with the Declaration of
Helsinki and the NIH Guide for the Care and Use of Laboratory Animals.

TUNEL assay for cultured cells. NB4 cells were harvested and then
transferred to the slides. Being fixed with 4% paraformdehyde and permeabilized
with 0.1% Triton X-100, slides were washed twice with PBS and incubated with
TUNEL detecting buffer for 60 min at 37 1C. Finally, the slides were washed three
times and mounted with anti-fade medium. The images were visualized with a
confocal microscope.

TUNEL assay for tissue. A FragEL DNA Fragmentation Detection Kit was
purchased from Merck. After being deparaffinized and hydrated, the slides were
washed with 1� TBS for 2 min and incubated with 20 mg/ml proteinase K for
20 min. After a second round of washes, slides were incubated with 1� TdT buffer
for an additional 30 min at room temperature. Subsequently, the tissues were also
treated with 57ml mix buffer and 3 ml TdT enzyme for 1 h at 37 1C. Finally, the
slides were washed and mounted with mounting medium.

H&E staining. Following a hydration process, the tissues were stained with
Harris hematoxylin for 15 min. After being washed for 3 min, the slides were
immersed in 1% hydrochloric acid in 75% ethanol for 30 s. Before dehydration, the
tissues were stained with eosin for 10 min. Finally, the slides were immersed in
xylene and mounted with mounting medium.

Immunohistochemical staining. After being deparaffinized and dehy-
drated, the slides were washed with running water for 2 min. Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide in methanol. The
slides were then washed three times, and the tissues were incubated with primary
antibodies overnight at 4 1C. After a second round of washes, the slides were
incubated with secondary antibodies at room temperature for 2 h and treated with
DAB. Next, the nuclei were stained with Mayer’s hematoxylin for 2 min. Slides
were then dehydrated and clarified with xylene. Finally, the slides were mounted
with mounting medium.

Statistical analysis. Values are represented as the mean±S.D. Two-tailed
Student’s t-tests were performed for comparisons of two groups. A P-value of
Po0.05 was considered significant.
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