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ARTICLE INFO ABSTRACT

Edited by: Dr Yong Liang Inorganic arsenic compounds are environmental toxicants that are widely distributed in air, water, and food. B-

cell lymphoma 2 (BCL-2) is an oncogene having anti-apoptotic function. In this study, we clarify that BCL-2, as a

Keywords: pro-apoptotic factor, participates in AsyO3-induced apoptosis in BEAS-2B cells. Specifically, AsoO3 stimulated the
Arsenic trioxide expression of BCL-2 mRNA and protein in a dose-dependent manner which was highly accumulated in the nu-
iC](;-zmsis cleus of BEAS-2B cell together with chromatin condensation and DNA fragmentation during apoptosis. Mecha-
p?I:SI;\/I APK nistically, the process described above is mediated through the NF-«kB and p38 MAPK signaling pathways, which
Phosphorylation can be abated by corresponding inhibitors, such as BAY11-7082 and SB203580, respectively. Additionally,

NF-xB BAY11-7082, actinomycin D, and cycloheximide have inhibitory effects on As;O3-induced expression of BCL-2
mRNA and protein, and restore the cell viability of BEAS-2B cells. Suppression of BCL-2 protein activation by
ABT-199 also restored viability of BEAS-2B cell in AsyOs-induced apoptosis. Furthermore, AsyO3 increased the
level of BCL-2 phosphorylation. These results suggest that in BEAS-2B cells, AsyO3-induced apoptosis is mainly
dominated by BCL-2 upregulation, nuclear localization and phosphorylation. The study presented here provides
a novel insight into the molecular mechanism of BCL-2-induced apoptosis.

1. Introduction In some areas, the coals contain high concentrations of arsenic. These

coals are burned inside the home as a source of energy, and the con-

Inorganic arsenic is found widely in nature in the form of oxides and
sulfides. The two main oxidative states of arsenic are pentavalent arse-
nate (AsV) and trivalent arsenite (AsIII). AsIII is much more toxic than
AsV (Hughes et al., 2011). Inorganic arsenic compounds are environ-
mental toxicants that are widely distributed in air, water, and food
(Hughes et al., 2011). Epidemiological studies have suggested that
exposure to low or moderate levels (10-300 pg/L) of arsenic via
drinking water may lead to adverse human health effects and chronic
diseases, including dermal diseases, cardiovascular disorders, neuro-
logical disorders, diabetes, respiratory complications, liver and kidney
diseases (Abdul et al., 2015). Inorganic arsenic in the air can be absorbed
by the respiratory system and cause lung dysfunction, skin lesions,
neuropathy, nephrotoxicity, and hepatic dysfunction (Liu et al., 2002).

* Corresponding authors.

centrations of arsenic are measured 20-400 pg/m? in the indoor air (Liu
et al., 2002). The concentration of arsenic in the air of the workshop can
be as high as several milligrams per cubic meter (WHO, 2001). There-
fore, exposure to high concentrations of arsenic in the air may induce
damage to the lung epithelial cells.

Apoptosis, a type of programmed cell death, will cause the
morphological changes of cells, such as cell shrinkage, nuclear frag-
mentation, DNA fragmentation, and chromatin condensation (Taylor
et al., 2008). The two well-known activation mechanisms of apoptosis
are the intrinsic and the extrinsic pathways (Carneiro and El-Deiry,
2020). The intrinsic pathway of apoptosis is activated by intracellular
signals released from the intermembrane space of mitochondria when
cells are exposed to stress. The extrinsic pathway of apoptosis is
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activated by the binding of extracellular ligands to the cell-surface death
receptor, leading to the formation of the death-inducing signaling
complex (Taylor et al., 2008; Carneiro and El-Deiry, 2020).

The intrinsic pathway is reported to be controlled by members of the
BCL-2 protein family (Czabotar et al., 2014). Based on functional
studies, the BCL-2 family members containing one or more BCL-2 ho-
mology (BH) domains are grouped into 3 classes: proteins with similar
globular structure with 4 BH regions (BH1, BH2, BH3, and BH4), pro-
teins with BH3 domain only, and effector proteins, which contain one or
more BH regions. Proteins with BH3 domain only (e.g. BID, BIM, PUMA,
BAD, and NOXA) are pro-apoptotic, whereas the BCL-2 proteins with
multi-BH domains can be either anti-apoptotic (e.g. BCL-2, BCL-w,
BCL-xL, MCL-1, and BFL1/A1) or pro-apoptotic (e.g. BAX and BAK). The
role of BCL-2 protein in anti-apoptosis is important as it binds to BAX
and other pro-apoptotic proteins, thereby inhibits apoptosis (Singh
et al., 2019). Once the binding between BCL-2 and the pro-apoptotic
protein is dissociated, BCL-2 can be degraded by diverse stimuli,
significantly reducing the expression level of BCL-2 protein in apoptosis
(Siddiqui et al., 2015; Edison et al., 2017). Nevertheless, some re-
searchers have reported that BCL-2 has both anti-apoptotic and
pro-apoptotic functions, depending on the expression level and distri-
bution of BCL-2 (Shinoura et al., 1999; Massaad et al., 2004; Portier and
Taglialatela, 2006; Hanson et al., 2008). The anti-apoptotic function of
BCL-2 has been investigated mainly in mitochondria, where chaperone
FKBP38 interacts with shuttles BCL-2 and locates in the outer mito-
chondrial membrane (Shirane and Nakayama, 2003; Wang et al., 2005).
Perturbation of the above complex formation by FKBP38 siRNA alters
the intracellular localization of BCL-2 and interferes with its
anti-apoptotic function (Shirane and Nakayama, 2003; Portier and
Taglialatela, 2006; Choi et al., 2013). In addition, phosphorylation of
BCL-2 is significantly increased in drug-mediated apoptosis, including
that under the action of paclitaxel, vincristine, and vinblastine (Haldar
et al., 1996; Srivastava et al., 1998, 1999). Phosphorylated BCL-2 was
found to be translocated into the nucleus in aspirin-mediated apoptosis
(Choi et al., 2013).

Inorganic arsenic has been found to induce apoptosis via activation
of the intrinsic and/or extrinsic pathways in several cellular systems
(Kumar et al., 2014; Dua et al., 2016; Rahman et al., 2018). It has been
previously demonstrated that As,O3 upregulates the expression level of
proteins in the pro-apoptotic BCL-2 family, while downregulates the
expression level of proteins in the anti-apoptotic BCL-2 family, trig-
gering the intrinsic apoptosis (Banerjee et al., 2008; King et al., 2016).
Surprisingly, we found that As;Os increased BCL-2 expression in a
dose-dependent manner which was in contradiction with these pub-
lished literature. Thus, the aim of this study was to investigate the
mechanisms of increased BCL-2 expression in AsyO3 induced-apoptosis
in human bronchial epithelial cells (BEAS-2B).

2. Materials and methods
2.1. Reagents and antibodies

N-acetyl-L-cysteine (NAC), actinomycin D (Act D), BAY11-7082, and
cycloheximide (CHX) were procured from Sigma-Aldrich (St. Louis, MO,
USA). PD98059 and SP600125 were ordered from Cell Signaling Tech-
nology Comp. (Cell Signaling Technology, Danvers, MA, USA).
SB203580 and ABT-199 were purchased from Target Molecule Corp.
(TargetMol, Boston, MA, USA). As,O3 was obtained from Merck and Co.,
Inc., (Kenilworth, New Jersey, USA) with a purity of more than 99.95%.
As;03 was dissolved in 1 N NaOH at 100 mM and further diluted to 5
mM in PBS as a stock solution. Phos-tag™ Acrylamide was received from
Wako Pure Chemical Industries (Osaka, Japan). RNAiso Plus reagent,
the PrimeScript II RT enzyme kits, and PCR amplification kits were
bought from Takara Biotechnology Dalian Co. Ltd. (Takara, Dalian,
China). A lactate dehydrogenase (LDH) analysis kit was procured from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The Cell
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Counting Kit-8 (CCK-8) was ordered from Dojindo Laboratories
(Kumamoto, Japan). The enhanced chemiluminescence (ECL) detection
kits were offered by Millipore (Bedford, MA, USA). Protease inhibitor
cocktail tablets were purchased from Roche Applied Science (Indian-
apolis, IN, USA). Phosphatase inhibitor cocktail A was purchased from
Beyotime Biotechnology (Shanghai, China). Anti-cleaved caspase-3
(ab2302) was purchased from Abcam Comp. (Abcam, Cambridge, UK).
Anti-BCL-2 (12789-1-AP), anti-BAX (50599-2-1g), anti-Lamin A/C
(10298-1-AP), and anti-B-tubulin (10094-1-AP) were procured from
Proteintech Comp (Proteintech, Chicago, USA). Anti-poly (ADP-ribose)
polymerase (PARP; 9542), anti-ERK1/2 (4695), anti-p-ERK1/2 (phos-
phorylated at Thr202/Tyr204, 4370), anti-JNK (9358), anti-p-JNK
(phosphorylated at Thr183/Tyr185, 9255), anti-p38 MAPK (8690),
and anti-p-p38 MAPK (phosphorylated at Thr180/Tyr182, 4511) were
ordered from Cell Signaling Technology Comp. Anti-NF-kB p65 antibody
(YM3111) was purchased from Immunoway Comp (Immunoway,
Newark, DE, USA). Anti-p-actin (A3854) was purchased from Sigma-
Aldrich Comp.

2.2. Cell culture and treatments

BEAS-2B cells were offered by the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). The BEAS-2B cell line is derived from a
human bronchial epithelium and has been extensively used as an in vitro
human non-tumorigenic lung epithelial cell model in a large variety of
studies. Therefore, BEAS-2B cells were used to study the molecular
mechanism of arsenic-induced damage and apoptosis to the respiratory
epithelial cells in this study. BEAS-2B cells were cultured in DMEM/F-12
medium (Corning, Manassas, VA, USA) supplemented with 10% fetal
calf serum (Gibco, New York, USA) and penicillin-streptomycin (100
units/mL, Beyotime, Shanghai, China). Cells were maintained in a 37 °C
incubator under a humidified atmosphere of 95% air and 5% CO;. To
explore the mechanism underlying the toxicity induced by As;O3, BEAS-
2B cells were first cultured in the presence of various inhibitors for 30
min, followed by treatment with 2.0 pM As;O3 for 24 h; the inhibitor
employed for each test was either 5.0 mM NAC, 10 pM CHX, 10 pM BAY
11-7082, 2 pg/mL Act D, 20 uM PD98059, 25 uM SP600125, 10 yM
SB203580 or ABT-199.

2.3. Cell viability assay

The cytotoxicity of Asy;O3 to BEAS-2B cells was measured using a
CCK-8 assay. Cells were spread in a 96-well plate at a density of 1 x 10*
cells/well overnight. Subsequently, cells were incubated with different
doses of Asy03 for 24 h or with 2.0 uM As,03 for various lengths of time
(0-72h). After Asp03 treatment, each well was incubated with a 10.0 pL
of CCK-8 solution for another 2 h in the dark followed by recording of
the absorbance at 450 nm by use of BioTek ELX800, a microplate reader
(BioTek Instruments, Winooski, VT, USA). The results are expressed as
percentages relative to the value of untreated cells, which were regarded
as having 100% viability.

2.4. LDH leakage assay

BEAS-2B cells were incubated with or without 2.0 uM As;Os3 for 24 h.
The culture medium was collected, and centrifuged at 100 g and 4 °C for
5 min to remove dead cells and/or cell debris. The LDH content in the
culture supernatant was measured with a microplate reader using a LDH
analysis kit following the manufacturer’s instructions. Results are
expressed as percentages relative to the value of untreated cells, which
were regarded as having 100% viability.

2.5. Total RNA extraction, semi-quantitative reverse transcription and
polymerase chain reaction (RT-PCR) analysis

Total RNA (2.5 pg aliquot) extracted from BEAS-2B cells by RNAiso
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Plus reagent was reverse-transcribed into cDNA using a PrimeScript II
RT Enzyme kit. BCL-2 mRNA was amplified using 5'-GACTTCGCCGA-
GATGTCCAG-3' as the forward primer and 5'-TCACTTGTGGCCCAGA-
TAGG-3' as the reverse primer; BAX mRNA was amplified using 5'-
CGTCCACCAAGAAGCTGAGCG-3' as the forward primer and 5'-
AGCACTCCCGCCACAAAGATG-3' as the reverse primer; FKBP38 mRNA
was amplified using 5'-GCTGACTCCAAGTACTGCTA-3' as the forward
primer and 5-CAGACAATTCACCTTCAACT-3' as the reverse primer.
Additionally, f-actin mRNA used as an internal standard was amplified
as reported (Liu et al., 2020.) using the same set of forward and reverse
primers. PCR was conducted in a thermal cycler for 31 cycles (BCL-2), 28
cycles (BAX), 25 cycles (FKBP38), 21 cycles (p-actin). Each cycle con-
sisted of denaturation at 94 °C for 30 s, annealing at 59 °C (BCL-2), or
61 °C (BAX), or 56 °C (FKBP38, B-actin) for 30 s, and extension at 72 °C
for 60 s. The final extension time at 72 °C was 10 min. The reaction
products were electrophoresed in ethidium bromide (0.5
pg/mL)-containing 2% agarose gels. The gels were visualized using a
Bio-Rad Gel Doc™ EZ imager with a Bio-Rad Power Pac HC power
supply (Hercules, CA, USA), and the band intensity was quantified by
Image J software.

2.6. Western blotting

For total protein extracts, BEAS-2B cells were lysed in RIPA lysis
buffer. Lysate was centrifuged to obtain the supernatant, while the nu-
clear and cytoplasmic fractions were separated by using a nuclear and
cytoplasmic extraction kit (ComWin Biotech, Jiangsu, China) following
the manufacturer’s instructions. The protein concentration in each
sample was quantified using the standard bicinchoninic acid protein
assay.

Western blotting was performed following the standard procedure as
described previously (Liu et al., 2020). Briefly, the protein in samples
was denatured with SDS at 95 °C, separated via SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to a polyvinylidene
difluoride membrane (Immobilon-P, Merck KGaA, Darmstadt, Ger-
many). Membranes were blocked with skimmed milk or bovine serum
albumin for 2 h at room temperature and incubated at 4 °C overnight
with specific primary antibodies against cleaved caspase-3 (1:500),
PARP (1:1000), BCL-2 (1:1000), BAX (1:4000), Lamin A/C (1:1000),
B-tubulin (1:1000), ERK1/2 (1:1000), p-ERK1/2 (1:1000), JNK
(1:1000), p-JNK (1:1000), p38 MAPK (1:1000), p-p38 MAPK (1:1000),
and B-actin (1:40,000). Finally, the membranes were incubated with
goat anti-rabbit or mouse IgG secondary antibody coupled with horse-
radish peroxidase. The reactions were detected using an ECL assay, and
visualized using a Tanon 5500 imaging system (Tannon, Shanghai,
China). The band intensity was quantitatified by Image J software.

2.7. Phos-tag gel assay

BEAS-2B cells were treated with or without As;O3 for 24 h. Protein
samples from these cells were prepared as described by Liu (Liu et al.,
2020). Phos-tag gel assay was described previously (Kinoshita et al.,
2009). Briefly, 20 pg of protein was loaded on 20 pM Phos-tag™
Acrylamide gel. After electrophoresis, Phos-tag Acrylamide gels were
soaked in a transfer buffer containing 5 mM EDTA for 20 min. This step
was repeated 3 times with gentle agitation to eliminate the manganese
ions from the gel. Next, the gel was soaked in a transfer buffer without
EDTA for 10 min with gentle agitation. The proteins were electropho-
retically transferred to PVDF membranes in the transfer buffer without
SDS/EDTA. The other steps were the same as regular Western Blotting
experiments.

2.8. Immunofluorescence staining

For immunofluorescence staining, cells were grown on coverslips
and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS)
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at 4 °C for 20 min, then the cells were treated with NH4Cl (quenching of
aldehyde group), permeabilized by Triton X-100, and blocked with
bovine serum albumin. They were next incubated with rabbit polyclonal
anti-BCL-2 antibody (1:100) or mouse monoclonal anti-NF-kB p65
antibody (1:100) at room temperature for 2 h. The cells were washed
with PBS and reacted at 37 °C for 1 h with anti-rabbit IgG or anti-mouse
IgG, both conjugated with Alexa Fluor 488. Nuclei were stained with 5
pg/mL Hoechst 33342 (Sangon Biotech., Shanghai, China) or 0.5 ug/mL
DAPI (Beyotime, Shanghai, China) for 30 min. Images were collected
using a Leica fluorescence microscope.

2.9. Statistical analyses

Data obtained from at least 3 independent experiments, each per-
formed with at least 3 biological replicates. The results were expressed
as the mean =+ standard deviation of the mean (SEM) of 3 independent
experiments. Two groups were compared using Student’s two-tailed t-
test. When more than one group was compared with one control, sta-
tistical significance was assessed using one-way ANOVA with a Dun-
nett’s post-hoc test. The p value less than 0.05 was considered to be
statistically significant.

3. Results
3.1. As203 induces apoptosis in BEAS-2B cells

The BEAS-2B cell line was originally established as an immortalized
but non-tumorigenic epithelial cell line from the human bronchial
epithelium. Therefore, it has been used in a large variety of studies as an
in vitro cell model of lung injury. To determine whether BEAS-2B cells
undergo apoptosis following the treatment with AsyOs3, the CCK-8 assay
was applied first to evaluate the cytotoxicity of As;O3. When BEAS-2B
cells were cultured in the presence of Asy;Os at the concentration
range of 0.5-4.0 pM for 24 h, an obvious reduction in cell viability was
observed at concentrations of 1.0, 1.5, 2.0, and 4.0 pM (Fig. 1a). In
addition, when BEAS-2B cells were treated with 2.0 pM of As,O3 for 12,
24, 48, 60 and 72 h, cell viability decreased in correlation with the in-
cubation time (Fig. 1b). The results of the CCK-8 assay demonstrated
that AsyOs significantly decreased the viability of BEAS-2B cells in a
dose- and time-dependent manner (Fig. 1a and b). When the structure of
plasma membrane is destroyed upon necrosis or apoptosis, LDH is
released into the culture medium. Consequently, an increased level of
LDH activity was measured in the culture medium after BEAS-2B cells
were exposed to 2.0 uM AspOj3 for 24 h (Fig. 1c).

Apoptosis is generally characterized by a series of morphological
events such as shrinkage in the sizes of cells and nuclei, chromatin
condensation, and DNA fragmentation. Therefore, we further examined
the morphology of the nucleus in control and AsyOs-treated cells using
Hoechst 33342 staining. Compared to normal cells, nucleus shrinkage,
chromatin condensation, and brighter fragments were observed in
apoptotic cells. Specifically, in the control group and cells treated with
0.5 uM Asy0s3, the nuclei were stained weakly with a homogeneous blue
color. However, in cells treated with 2.0 uM Asy03, the nuclei were well-
stained and illustrated a strong blue color with shrunken morphology,
suggesting chromatin condensation and nuclear fragmentation (Fig. 1d).
Since caspase-3 is an essential regulator in the signal transduction
pathway of apoptosis and the activation of caspase-3 triggers the PARP
cleavage, caspase-3 is served as one of the common markers for
apoptosis analysis. To further confirm whether As;Os could induce
apoptosis in BEAS-2B cells, the levels of cleaved caspase-3 and cleaved
PARP proteins were assessed using Western blotting. As shown in
Fig. 1E, the levels of cleaved caspase-3 and PARP protein were signifi-
cantly upregulated in cells incubated with 2.0 uM and 4.0 uM As,O3 for
24 h. In contrast, the expression levels of either cleaved caspase-3 or
PARP protein were not changed in the group of cells treated with 0.5 pM
AsyO3 (Fig. le). Altogether, the above results approved that AspO3
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Fig. 1. Effects of As,O3 on the viability, nuclear morphology, and levels of apoptosis-related proteins in BEAS-2B cells. a. BEAS-2B cells were incubated with various
concentrations of AsyO3 for 24 h. b. BEAS-2B cells were incubated with 2.0 uM As,O3 for the indicated times. The cell viability was measured in a CCK-8 assay. c.
BEAS-2B cells were incubated with or without 2.0 uM As,03 for 24 h, and LDH activity in the culture supernatant was detected. In Fig. 1a, b, c, data were shown as
the mean + SEM of 3 independent experiments. * p < 0.05 and * * p < 0.01 compared to the control (without As;03). d. BEAS-2B cells incubated with the indicated
concentrations of As,O3 for 24 h were stained with Hoechst 33342. Specimens were observed under a fluorescence microscope. Arrows indicate shrunken,
condensed, and/or fragmented nuclei as markers of apoptosis. The bar represents 50 um. e. BEAS-2B cells were incubated with various concentrations of As,O3 for 12
or 24 h. Cell lysates were subjected to SDS-PAGE/immunoblotting using an anti-cleaved caspase-3 antibody, anti-PARP antibody, and anti-p-actin antibody. The blots
represent one of 3 independent experiments. F-PARP, full length-poly (ADP-ribose) polymerase; C-PARP, cleaved-poly (ADP-ribose) polymerase; C-Cas3, cleaved

caspase-3.
indeed induced cytotoxicity and apoptosis in BEAS-2B cells.

3.2. Asy03 stimulates expression of the BCL-2 mRNA and protein in
BEAS-2B cells

In general, the BCL-2 protein is downregulated by the ubiquitin
proteasome system during apoptosis (Edison et al., 2017). To verify
whether As;O3 affects the BCL-2 mRNA and protein expression,
BEAS-2B cells were incubated with different concentrations of As;O3
ranged from 0.25 to 2.0 uM for different periods. Intriguingly, both
mRNA and protein levels of BCL-2 raised after treatment with As,O3 in a
dose-dependent way (Fig. 2a and b). Meanwhile, as demonstrated in
Fig. 2c¢ and d, the expression levels of BCL-2 mRNA and protein
increased in a time-dependent manner in BEAS-2B cells treated with
2.0 uM Asy03, respectively. As gene expression is regulated at the
transcriptional and post-transcriptional levels, here Act D, a transcrip-
tion inhibitor that is widely used in mRNA stability assays, was used to
investigate its effect on the synthesis of BCL-2 mRNA. As illustrated in
Fig. 2e, the treatment of cells with 2 pg/mL Act D for 3, 6, 12, and 24 h
reduced the BCL-2 mRNA level by 10%, 31%, 46%, and 54%, respec-
tively. Furthermore, the upregulation of the BCL-2 mRNA level by
2.0 uM Asy03 was completely blocked in the presence of Act D (Fig. 2e).
The elevation of the BCL-2 protein level was also inhibited by Act D
(Fig. 2f). Comparing the effect of Act D on mRNA levels between the
control and AsyOs-treated groups, it is suggested that AsyOs-participated
BCL-2 upregulation through transcriptional regulation. In addition,
CHX, a protein synthesis inhibitor, significantly inhibited the As;O3-s-
timulated BCL-2 protein expression (Fig. 2g).

3.3. Asz03 increases BCL-2 expression through NF-xB activation and the
p38 MAPK pathway in BEAS-2B cells

To determine whether As;O3 increases BCL-2 expression through NF-

kB activation in BEAS-2B cells, cell immunostaining strategy was
applied using anti-NF-kB p65 antibody. The results indicated that NF-xB
was translocated from the cytoplasm into the nucleus upon 2.0 uM
Asy03 treatment (Fig. 3a). Incubation with BAY11-7082 (10 uM), an
NF-kB inhibitor, partially inhibited the AsyOs-stimulated upregulation
of BCL-2 mRNA and protein in BEAS-2B cells, respectively (Fig. 3b and
o).

We have previously shown that As;O3 activates the MAPK pathway
in a process mediated by reactive oxygen species in BEAS-2B cells (Liu
et al., 2020). In this study, we found that 2.0 uM As,Os3 significantly
enhanced the phosphorylation levels of ERK1/2, JNK, and p38 MAPK in
BEAS-2B cells (Fig. 3d). However, only SB203580, a p38 MAPK inhibi-
tor, partially inhibited AsyOsz-induced BCL-2 mRNA and protein
expression. PD98059, an ERK1/2 inhibitor and SP600125, a JNK in-
hibitor, showed no effect on the expression levels of BCL-2 mRNA and
protein stimulated by As»O3 (Fig. 3e and f). These results suggested that
As;03 increased the expression levels of BCL-2 mRNA and protein
through the NF-xB and p38 MAPK pathways.

3.4. The newly synthesized BCL-2 protein and its phosphorylation
induced by As203 is located at the nucleus and associated with apoptotic
chromatin condensation

Previous studies have shown that nuclear localization of BCL-2 is
associated with apoptosis (Portier and Taglialatela, 2006; Choi et al.,
2013). We therefore tested the effect of As5O3 on localization of BCL-2 in
BEAS-2B cells. BCL-2 was located at the cytoplasm and nucleus in
BEAS-2B cells before AsyOs treatment. Moreover, the BCL-2 protein
level in the nucleus was much higher than that in the cytoplasm
(Fig. 4a). After incubation with 2.0 pM AsyO3 overnight, the fluores-
cence signal that was correlated with the amount of BCL-2 protein,
significantly increased in the cytoplasm and nucleus. Furthermore, NAC,
an antidote to AspO3 and a reactive oxygen species scavenger,
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Fig. 2. Induction of expression of BCL-2 mRNA and protein by As;O3. BEAS-2B cells were incubated with various concentrations of As;O3 for 24 h. a. The expression
of BCL-2 mRNA was measured using semi-quantitative RT-PCR analysis. b. The expression of BCL-2 protein was detected by Western blotting analysis. BEAS-2B cells
were incubated with 2.0 uM As,O3 for the indicated time points. c. The expression of BCL-2 mRNA was measured by semi-quantitative RT-PCR analysis. d. The
expression of BCL-2 protein was detected by Western blotting analysis. e. BEAS-2B cells were incubated with or without 2 pg/mL Act D for 30 min; 2.0 pM As;O3 was
then added for the times indicated prior to RNA extraction. BCL-2 mRNA was measured using semi-quantitative RT-PCR analysis. BEAS-2B cells pretreated with 2 pg/
mL Act D (f) or 10.0 pM CHX (g) for 30 min incubated with or without 2.0 uM As,03 for 24 h; the level of BCL-2 protein in cell lysates was detected using Western
blotting analysis. The band intensities representing BCL-2 protein expression levels were quantitated using the Image J Gel Analysis program and normalized by the
intensity of the p-actin internal control. ~p < 0.01, significantly different from the control group; *#p < 0.01, significantly different from the As,Os-treatment group.

completely inhibited As;Os-induced BCL-2 accumulation in the nucleus,
whereas BAY11-7082 and SB203580 only partially inhibited the nu-
clear accumulation of AsyOs-induced BCL-2 protein (Fig. 4a). BCL-2
protein increased in the cytoplasm and nucleus by AsyOs was also
detected via subcellular fractionation analyses (Fig. 4b).

To further explore the relationship between BCL-2 elevation and
nuclear morphology, BCL-2 nuclear accumulation, chromatin conden-
sation, and DNA fragmentation were studied. Together with enhanced
accumulation of BCL-2 protein in the nucleus upon As,O3 exposure,
chromatin was condensed and nucleus was fragmented (Fig. 4a). NAC
also decreased the level of BCL-2 protein in the cytoplasm and nucleus in
BEAS-2B cells (Fig. 4b). BCL-2 is phosphorylated at plural serine/thre-
onine sites (S70, T56, T69, T74, S87) within a nonstructural loop that
links the BH3 and BH4 domains in response to multiple treatments.
Microtubule injuries also induce mobility shifts in BCL-2 by phosphor-
ylation of serine and threonine residues (Blagosklonny, 2001). There-
fore, we subsequently analyzed the phosphorylation of BCL-2 protein
induced by AsyO3 in BEAS-2B cells. Phos-tag SDS-PAGE displayed 3
bands in proteins of BCL-2 (Fig. 4c), in which the upper and middle
bands belonged to phosphorylated (P) species, while the lower band
belonged to a non-phosphorylated (non-P) species. Beyond that, levels
of phosphorylated BCL-2 protein increased dose-dependently after
Asy0O3 treatment (Fig. 4c). In healthy cells, BCL-2 interacts with
pro-apoptotic protein BAX on the surface of the mitochondrial outer
membrane. During apoptosis, the levels of BAX mRNA and protein
increased. We checked the expression of BAX in BEAS-2B cells treated

with Asy03. No obvious variation was observed in the expression level of
BAX mRNA and protein (Fig. 4d). FKBP38 binds BCL-2 and anchored it
to the mitochondrial membrane to perform the anti-apoptotic effect.
When the balance between FKBP38 and BCL-2 in the cell is disturbed,
BCL-2 is translocated into the nucleus and induces apoptosis (Portier and
Taglialatela, 2006). Accordingly, we aimed to determine whether As,O3
regulates FKBP38 expression. The result showed that the level of
FKBP38 mRNA expression was not affected by Asy;O3 in the dose range of
0.25-2 uM (Fig. 4e).

In summary, the above results suggest that As;Os-induced accumu-
lation and phosphorylation of BCL-2 in the nucleus may cause nuclear
envelope destruction and chromatin condensation in BEAS-2B cells.

3.5. Inhibition of Asy0s-induced BCL-2 expression improves the viability
of BEAS-2B cells

The above findings demonstrate that AsyOs-induced apoptosis is
related to the upregulation and nuclear localization of BCL-2 protein.
Therefore, we next evaluated the viability of BEAS-2B cells when BCL-2
expression was inhibited. BEAS-2B cells were pretreated with NAC,
BAY11-7082, SB25038, Act D, or CHX for 30 min. The cells were then
treated with 2.0 uM Asy03 for another 24 h and followed by a cell
viability measurement using CCK-8 assay. As shown in Fig. 5a, cell
viability was completely restored with NAC, and partially restored with
BAY11-7082, SB25038, Act D, or CHX. To further examine the effects of
these drugs, the protein levels of cleaved caspase-3 were assessed using
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Fig. 3. Upregulation of BCL-2 expression by As,O3 through NF-kB activation and the p38 MAPK pathway in BEAS-2B cells. a. BEAS-2B cells were incubated with or
without 2.0 uM As,;O3 for 6 h, and they were stained with anti-NF-kB antibody and DAPI. Green fluorescence represents NF-kB and blue fluorescence represents
nuclear DAPI staining. The bar represents 50 um. b and c. BEAS-2B cells pretreated with 10 pyM BAY11-7082 for 30 min, were incubated with or without 2.0 uM
Asy03 for 24 h. Levels of BCL-2 mRNA (b) and protein (c) expression were measured using semi-quantitative RT-PCR analysis and Western blotting analysis,
respectively. d. BEAS-2B cells were incubated with 2.0 uM of As;O3 for 24 h. Cell lysates were prepared and subjected to SDS-PAGE followed by immunoblotting
using anti-p-ERK, anti-ERK, anti-p-p38 MAPK, anti-p38 MAPK, anti-p-JNK, and anti-JNK antibodies. e and f. BEAS-2B cells pretreated with 20 pM PD98059, 25 pM
SP600125 or 10 pM SB203580 for 30 min were incubated with or without 2.0 uM As;O3 for 24 h. The levels of BCL-2 mRNA (e) and protein (f) expressions were
measured by semi-quantitative RT-PCR analysis and Western blotting analysis, respectively. The band intensities representing BCL-2 protein expression levels were

quantitated using the Image J Gel Analysis program and normalized by the intensity of the f-actin internal control. ~ p < 0.01, significantly different from the control

group; *#p < 0.01, significantly different from the As,Os-treatment group.

Western blotting. AsyOs-induced elevation of cleaved caspase-3 was
inhibited completely by NAC, and partially by BAY11-7082, SB25038,
Act D, and CHX (Fig. 5b). NAC, BAY11-7082, and SB25038 reduced
Asy0s-induced nuclear shrinkage, chromatin condensation, and DNA
fragmentation (Fig. 4a). ABT-199, a potent and selective BCL-2 inhibi-
tor, partially restored the BEAS-2B cell viability after 24 h of AsyO3
treatment (Fig. 5¢). Also, AsyOs-induced cleaved caspase-3 was inhibi-
ted partially by ABT-199 (Fig. 5d). These results confirm that AspO3-
induced BEAS-2B cell apoptosis is mediated by the upregulation of BCL-
2 expression.

4. Discussion

In this study, we clarified that As;O3 increases BCL-2 expression,
phosphorylation and the nuclear localization during apoptosis in BEAS-
2B cells. Additionally, BCL-2 accumulation in the nucleus co-occurs with
chromatin condensation induced by As,Os3 in apoptotic cells.

Generally, in some certain types of cells, AsyO3 dissociates the BCL-
2/BAX heterodimer, and the downregulation of BCL-2 by the intrinsic

apoptosis pathway is considered as one of the significant mechanisms in
As;03-induced apoptosis (Akao et al., 2000; Rana, 2008). However, in
this study, expression levels of BCL-2 mRNA and protein are increased
significantly at As,O3 doses that induced apoptosis in BEAS-2B cells. On
the other hand, inhibition of expression and activity of BCL-2 by
BAY11-7082, SB25038, Act D, CHX and ABT-199 showed mitigation of
apoptosis in BEAS-2B cells. Shinoura et al. (1999) reported that the level
of BCL-2 determines its anti-apoptotic or pro-apoptotic function. In
particular, BCL-2 at a low expression level functions as anti-apoptotic,
whereas BCL-2 at a high level of expression was proapoptotic to
Fas-mediated apoptosis. Transient overexpression of BCL-2 protein re-
sults in potent apoptosis in MCF7 and 293 cell lines (Uhlmann et al.,
1998). In MCF-7 cells, knockdown of BCL-2 gene delayed
aspirin-induced apoptosis, while overexpression of BCL-2 gene pro-
moted aspirin-induced apoptosis (Choi et al., 2013). These results,
including our findings, indicate that the high level of BCL-2 expression
in some types of cells is associated with apoptosis. However, we
observed decreased protein expression of BCL-2 in RAW246.7 cells after
treated with the apoptotic dose of AsyOs (Supplementary Fig. 1).
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Fig. 4. The newly synthesized BCL-2 protein and its phosphorylation induced by As,;O3 is located at the nucleus and associated with apoptotic chromatin
condensation. a. BEAS-2B cells were stained with an anti-BCL-2 antibody and Hoechst 33342 after pretreatment with 5.0 mM NAC, 10 pM BAY11-7082, or 10 pM
SB203580 for 30 min, and incubated with or without 2.0 uM As,03 for 24 h. Green fluorescence represents BCL-2 and blue fluorescence represents nuclear Hochest
33342 staining. The bar represents 50 um. Arrows indicate shrunken, condensed, and/or fragmented nuclei in apoptotic cells. b. BEAS-2B cells pretreated with
5.0 mM NAC for 30 min, were incubated with or without 2.0 uM As,O3 for 24 h; the cells were then disrupted and separated into cytoplasmic fractions and nuclear
fractions. The BCL-2 protein in cytoplasmic and nuclear fractions was detected using Western blotting. Lamin A/C was used as the marker for the nuclear fraction,
and tubulin was used as the marker for the cytoplasmic fraction. c. BEAS-2B cells were incubated with the indicated concentrations of As;O3 for 24 h. Cell lysates
were analyzed by Phos-tag SDS-PAGE (left panels) and conventional SDS-PAGE (right panels) followed by Western blotting using anti-BCL-2 antibody. P: phos-
phorylated; non-P: non-phosphorylated. d. BEAS-2B cells were incubated with 2.0 pM As,03 for 24 h, the expression of BAX mRNA and protein was detected using
semi-quantitative RT-PCR and Western blotting, respectively. e. BEAS-2B cells were incubated with indicated concentrations of As;Os3 for 24 h, and the expression of

FKBP38 mRNA was measured using semi-quantitative RT-PCR analysis. Con, control.

Therefore, the antiapoptotic or pro-apoptotic function of BCL-2 may
depend on the cell line. Previous studies have suggested that BCL-2
protein is located on the outer membrane of mitochondria, endo-
plasmic reticulum and nuclear envelope. However, our results showed
that BCL-2 protein was mostly localized to the nucleus of BEAS-2B cells
treated with or without AsyO3 using both Western blot analysis of iso-
lated nuclear fractions and immunostaining with two antibodies,
12789-1-AP (Proteintech) and GTX100064 (GeneTex). Our findings are
in agreement with other reports that BCL-2 exists in the nuclei of
mammalian cells (Hoetelmans et al., 2000; Yamamoto et al., 2001). The
intense staining of BCL-2 in the nucleus of BEAS-2B cell induced by
Asy03 is consistent with impaired chromatin condensation. Earlier
studies have shown that the complex consisting of FKBP38 and BCL-2 is
anchored to mitochondria and inhibits apoptosis. Knockdown of
FKBP38 not only changes the subcellular localization of BCL-2, but also
affects its anti-apoptotic activity (Shirane and Nakayama, 2003). The
insufficient amount of FKBP38 may not interact effectively with the
overexpressed BCL-2 and makes BCL-2 translocate from the cytoplasm to

nucleus. Once BCL-2 is transported into the nucleus, it blocks tran-
scription factors and initiates apoptosis due to a reduction of tran-
scription factor activity (Massaad et al., 2004; Portier and Taglialatela,
2006). Nuclear BCL-2 was detected in the hippocampus and cerebellum
of aged rats, which failed to protect cells from apoptosis induced by
oxidative stress (Kaufmann et al., 2001). In this study, we found that
Asy03 did not change FKBP38 mRNA expression, whereas BCL-2
expression was increased significantly and shuttled into the nucleus
after AsyO3 exposure (Fig. 4b and e). The localization of BCL-2 in the
nucleus may decrease the activity of several transcription factors and
induce apoptosis in BEAS-2B cells.

The phosphorylation sites are located in a nonstructural loop that
links BH3 domain and BH4 domain of BCL-2 protein. The BCL-2 mole-
cule at threonine-56, threonine-69, serine-70 and serine-87 are phos-
phorylated by some drugs (Blagosklonny, 2001; Srivastava et al., 1999;
Yamamoto et al., 1999; Shitashige et al., 2001). In this study, we found
BEAS-2B cells treated with As;O3 produced two upper bands of BCL-2
when assessed by Phos-tag-SDS-PAGE and immunoblotting. The level
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of BCL-2 phosphorylation is correlated with Asy;O3 concentration.
Because deletion of the loop region of BCL-2 completely blocks the
drug-induced apoptosis, phosphorylation of BCL-2 may be associated
with its nuclear translocation and inactivation (Asnaghi et al., 2004;
Srivastava et al., 1999).

Previous studies have demonstrated that transcription factor NF-xB
binds to BCL-2 promoter and upregulates BCL-2 gene transcription in
different types of cells (Tamatani et al., 1999; Catz and Johnson, 2001;
Heckman et al., 2002). We have shown that when BEAS-2B cells were
treated with 2.0 uM As;03, NF-kB was translocated from the cytoplasm
to nucleus, and AsyOs-induced BCL-2 mRNA and protein expression
were inhibited by NF-xB inhibitors. As;Os-induced NF-kB nuclear
translocation is consistent with the results of researches on some types of
cells (Li et al., 2002; Ganapathy et al., 2014; Chen et al., 2016). How-
ever, no correlation has been demonstrated between As;Os-induced
NF-kB nuclear translocation and BCL-2 expression in any cell lines. Our
results demonstrated that As,O3 induces the upregulation of BCL-2
mRNA and protein levels via the NF-xB pathway in BEAS-2B cells.
Therefore, BCL-2 expression induced by As;Os; through the NF-xB
pathway may be cell-dependent.

Other studies verified that BCL-2 expression is regulated by the
MAPK family’s ERK1/2, JNK and p38 MAPK (Subramanian and Shaha,
2007; Zhang et al., 2010). Here, we found that, although As,O3 activated
the ERK, JNK, and p38 MAPK pathways, BCL-2 mRNA and protein
expression were upregulated only by the p38 MAPK pathway, not by the
ERK and JNK pathways.

Act D and CHX, as inhibitors of transcription and translation
inhibited the upregulation of BCL-2 expression and its phosphorylation
in paclitaxel-treated DND39 cells, and increased cell viability to the
same level as that of control cells which did not express BCL-2

(Shitashige et al., 2001). In this study, we found that the upregulation of
BCL-2 mRNA and protein expression in As;O3-treated BEAS-2B cells was
associated with apoptosis. Act D, CHX, and the NF-kB inhibitor could
inhibit the upregulation of BCL-2 and partially restore cell viability after
As,03 exposure.

In conclusion, we have provided strong experimental evidence that
Asy03 induces the upregulation of BCL-2 expression, phosphorylation
and nuclear localization, leading to apoptosis of BEAS-2B cells. In the
mechanism explored in the present study, the NF-xB and p38 MAPK
pathways are responsible for As;Os-induced upregulation of BCL-2
expression, as schematically illustrated in Fig. 6. BCL-2 is shuttled into
the nucleus, and nuclear accumulation and phosphorylation of BCL-2
protein provides a functional link to apoptosis. Even though this phe-
nomenon may be cell-dependent, our results provide a novel insight into
the molecular mechanism of BCL-2-induced apoptosis. However, further
studies are needed to explain how BCL-2 enters into the nucleus and
induces apoptosis by arsenite and whether arsenite can induce apoptosis
of the BEAS-2B cells through the extrinsic pathway.
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