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Abstract: Arsenic is one of the most common environmental pollutants eliciting serious public
health issues; however, it is also a well-recognized chemotherapeutic agent for acute promyelocytic
leukemia. The association between arsenic exposure and lung diseases has been established, but
underlying molecular mechanisms are poorly defined. Here we investigated the toxicology of arsenic
in airway epithelium. Arsenic rapidly induced the activating transcription factor ATF3 expression
through the JNK and p38 pathways. The ATF3-deficient BEAS-2B cells were relatively resistant to
apoptosis upon arsenic exposure, indicating a facilitatory role of ATF3 in arsenic-induced apoptosis.
We further showed that ATF3 oppositely regulated the transcription of death receptor (DR5) and
Bcl2-like 1 (Bcl-xL) by directly binding to the promoter DR5 and Bcl-xL. Altogether, our findings
establish ATF3 as a pro-apoptotic protein in arsenic-induced airway epithelial apoptosis through
transcriptionally regulating DR5 and Bcl-xL, highlighting the potential of ATF3 as an early and

sensitive biomarker for arsenic-caused lung injury.
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1. Introduction

Arsenic is a metalloid element found mainly in water, air, soil and food, and it has
been classified as a “group 1 carcinogen” by the International Agency for Research on
Cancer (IARC). Exposure to arsenic has been associated with a variety of human diseases,
such as cancer, peripheral neuropathy, peripheral vascular disorders and diabetes [1].
Environmental contamination and occupational exposure through oral and inhalation
routes are the common ways of arsenic uptake in humans. As recommended by the World
Health Organization (WHO, Geneva, Switzerland) and Environmental Protection Agency
(EPA, Washington, DC, USA), the maximum concentration of arsenic in drinking water
should not exceed 10 parts per billion (ppb) [2]. However, many areas in Bangladesh,
China, Argentina, the United States and Canada have reported concentrations significantly
higher than the limit, even hundreds of times [3]. The contamination of arsenic has been
exacerbated not only due to global natural emission, but also human activities, including
pesticides, combustion of fossil fuel and wastes from mining, and has become a major
concern of public health globally that affects approximately 200 million of lives [2]. On
the other hand, arsenic has been applied as a chemotherapeutic agent in clinic for acute
promyelocytic leukemia (APL) [4].

The lung is the primary target of arsenic exposure. Both inhalation and ingestion of ar-
senic may lead to lung cancer and non-malignant lung diseases, such as chronic obstructive
pulmonary disease (COPD) and impaired respiratory function [5]. The pathogenic effects
of arsenic have been observed so far include reactive oxygen species (ROS) generation,
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DNA damage, epigenetic modification, mitochondrial dysfunction, autophagy dysfunction,
glutathione depletion, proteotoxic stress, cell-cycle disruption and induction of aerobic
glycolysis [6-8]. Genome-wide analysis of arsenic-exposed cells has revealed that arsenic
prominently alters p53 signaling, oxidative stress and NF-«B signaling pathways [9]. Still,
the underlying molecular mechanisms of arsenic-associated toxicity remains enigmatic.

Activating transcription factor 3 (ATF3) belongs to the ATF/cyclic AMP response
element-binding (CREB) family that binds to the consensus sequence TGACGTCA in
promoters. As a stress-inducible gene, the basal level of ATF3 is low or even undetectable
in most cells. Under physiological conditions, ATF3 expression can be rapidly induced by
diverse stimuli like DNA damage agents, hypoxia, cytokines and chemokines. ATF3 then
forms homodimers and heterodimers, which translocate into the nucleus to regulate the
transcription of genes involved in cell cycle regulation, apoptosis, autophagy, DNA repair,
ferroptosis, tumorigenesis and metastasis [10-13]. Moreover, ATF3 can regulate cellular
functions independent of its transcriptional activity. For instance, ATF3 directly binds to
Tip60 at a region adjacent to the catalytic domain, thereby enhancing the acetyltransferase
activity and stability of Tip60 [14]. Many studies have identified ATF3 as a pro-apoptotic
protein that results in cell death in response to cellular stresses, whereas it also has been
shown that ATF3 protects cells from apoptosis by facilitating DNA lesions repair or remov-
ing DNA adducts [15]. The cell fate determined by ATF3 upregulation may be dependent
on the p53 status, as UV-induced apoptosis is promoted by ATF3 in p53-defective cells, but
the opposite outcome is observed in cells with normal p53 activity [15]. However, ATF3
silence reduces the rate of apoptosis induced by MX69 an inhibitor of MDM2/XIAP via
suppressing p53 signaling in cholangiocarcinoma and is required for both the repair of ZnO
nanoparticle (ZnO NP)-induced DNA damage and ZnO NP-induced apoptosis [16,17].
Therefore, the regulatory role of ATF3 in apoptosis and the downstream targets regulated
by ATF3 are still in debate and need to be investigated.

In this study, BEAS-2B cell line was used as the in vitro model to explore the toxicology
of arsenic in the lung. Although p53 missense mutation occurred in BEAS-2B cells, the
expression and responsiveness of p53 seem normal [18]. We report that ATF3 was upregu-
lated by arsenic through the JNK and p38 pathways and promoted the arsenic-induced
apoptosis in BEAS-2B cells. Arsenic-activated ATF3 enhanced death receptor 5 (DR5) ex-
pression and repressed Bcl2-like 1 (Bcl-xL) expression by directly binding to their promoter
regions, thereby facilitating cell apoptosis through both intrinsic and extrinsic pathways.
Our findings reveal the precise role of ATF3 in regulating apoptosis upon arsenic exposure
and provide insights into the molecular mechanism of arsenic-associated toxicity.

2. Results
2.1. ATF3 Is Induced in BEAS-2B Cells upon Arsenic Exposure

ATEF3 is known to be responsive to cellular stresses such as oxidative stress and
DNA damage. Accordingly, we sought to determine whether the expression of ATF3
is altered upon arsenic exposure. We found that both the transcription and expression
of ATF3 were significantly elevated by arsenic in BEAS-2B cells in a dose-dependent
manner (Figure 1A,B). The increase of ATF3 mRNA level reached a peak at 4 h after arsenic
treatment, while ATE3 protein expression continuously elevated during the 24 h arsenic
exposure (Figure 1C,D). Consistently, the activity of ATF3 promoter, as validated by dual
luciferase assay, was increased by approximately 2.4-fold in response to arsenic (Figure 1E).
These results demonstrate that arsenic upregulates the ATF3 expression in BEAS-2B cells.
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Figure 1. Arsenic induces ATF3 expression. (A,B) Total RNA and total protein were prepared from
BEAS-2B cells exposed to arsenic (0, 5, 10, 20 and 40 uM) for 4 h. ATF3 mRNA level was assessed by
qRT-PCR, using GAPDH as the endogenous control, and ATE3 protein expression was detected by
Western blot analysis. One-way ANOVA was performed for the statistics. (C,D) Cells were exposed
to 20 uM arsenic for indicated hours, and ATF3 mRNA and protein levels were measured. (E) Cells
were co-transfected with pATF3-luc and pRL-TK and treated with or without arsenic for 16 h. The
luciferase activity was measured. All the data are presented as mean + SD and represent three
independent experiments. T-tests were performed to analyze the statistical difference. * p < 0.05 and
** p < 0.01, compared with non-treated cells.

2.2. The Arsenic-Induced ATF3 Expression Relies on [NK and p38

Extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 are
three subfamilies that belong to mitogen-activated protein kinases (MAPKs) transducing
extracellular signals into cells and involved in arsenic-related toxicity [19]. In addition,
the PI3K/AKT pathway was reported to be strongly correlated with arsenic-induced cell
proliferation, migration, invasion and anchorage-independent growth [3]. To determine
whether the MPAK or PI3K/AKT pathways are involved in the arsenic-mediated ATF3
induction, BEAS-2B cells were pretreated with ERK, JNK, p38 or PI3K inhibitors for 1 h, re-
spectively, followed by arsenic exposure. We observed that JNK inhibitor SP600125 and p38
inhibitor SB203580 dramatically reduced arsenic-upregulated ATF3 expression, whereas
neither ERK inhibitor U0126 nor PI3K inhibitor LY294002 had any effects (Figure 2A). The
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inhibitory effect of U0126 and LY294002 on ERK and AKT phosphorylation, respectively,
was confirmed and is shown in Supplementary Figure S1. Knockdown of JNK and p38 by
siRNA interference also blocked arsenic-induced ATF3 expression (Figure 2B). Next, the
phosphorylation of JNK and p38 was examined to confirm the activation of JNK and p38
pathways. Indeed, the levels of phosphorylated JNK and p38 were significantly increased
at 2 h after arsenic exposure (Figure 2C,D). Thus, it is affirmative that the activities of JNK
and p38 are indispensable for the arsenic-mediated ATF3 induction.
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Figure 2. JNK and p38 activities are required for arsenic-induced ATF3. (A) BEAS-2B cells were
pretreated with 10 M SB203580 (p38 inhibitor), 10 uM LY294002 (PI3K inhibitor), 10 uM U0126 (ERK
inhibitor) or 20 uM of SP600125 (JNK inhibitor) for 1 h, respectively, and then incubated with or
without 20 uM arsenic for additional 4 h. Cells were lysed for Western blot analysis to measure ATF3
and f-actin (loading control) protein expression. (B) Cells were transfected with scramble siRNA,
JNK siRNA or p38 siRNA and treated with or without 20 uM arsenic for 4 h. The expression of JNK,
p38 and ATF3 was measured. (C,D) Cells were exposed to arsenic (0, 5, 10, 20 and 40 uM) for 2 h.
The expression of p-JNK, JNK, p-p38, p38 and [3-actin was measured.

2.3. ATF3 Mediates the Arsenic-Induced Apoptosis

To characterize the role of ATF3 in the arsenic-induced apoptosis, we employed
CRISPR-Cas9 gene editing method to create the ATF3-deficient BEAS-2B cell line. The
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ATF3 deficiency was confirmed by qRT-PCR and Western blot analysis (Figure 3A,B). Next,
both parent and ATF3 knockout (KO) cells were exposed to arsenic for 24 h, followed by
various experiments to detect the levels of cell survival and apoptosis. Figure 3C shows that
ATF3 KO cells were more resistant to arsenic-induced cell death than parent cells, as the
cell viability was higher. Meanwhile, after arsenic treatment, the percentage of apoptotic
cells was lower in ATF3 KO cells compared with parent cells (Figure 3D,E). Consistently, a
smaller amount of procaspase 3, procaspase 8 and procaspase 9 was proteolytically cleaved
into the active status in arsenic-exposed ATF3 KO cells compared with arsenic-exposed
parent cells (Figure 3E). It is known that caspase 8 and caspase 9 are the initiators of extrinsic
and intrinsic apoptosis, respectively, while caspase 3 is the executioner that ultimately elicits
the morphological changes during apoptosis. Furthermore, overexpression of ATF3 in ATF3
KO cells restored the ability of cells to undergo arsenic-induced apoptosis (Supplementary
Figure S2). Taken together, our data manifest that ATF3 contributes to both extrinsic and
intrinsic apoptotic processes in BEAS-2B cells upon arsenic exposure.

2.4. Arsenic-Induced ATF3 Activates DR5 Transcription by Directly Binding to the DR5 Promoter

DR5 is a member of the tumor necrosis factor (TNF) receptor family that is respon-
sive to signals such as TNEF, FasL and TNF-related apoptosis-inducing ligand (TRAIL).
The activation of DR5 recruits the adaptor protein Fas-associated protein with death do-
main (FADD) and caspase 8 or 10 to form death-inducing signal complex (DISC), and
subsequently triggers extrinsic pathway of apoptosis [20]. Meanwhile, DR5 can cause
the interaction among Bid, Bax and Bak by caspase 8-mediated cleavage of Bid, resulting
in the activation of intrinsic apoptosis [20]. Previous studies have indicated that ATF3
can upregulate DR5 expression in the context of anti-cancer agents camptothecin (CPT),
celecoxib and zerumbone, as well as environmental carcinogen tetrachlorobenzoquinone
(TCBQ) [20-22]. Here, we hypothesized that ATF3 participates the arsenic-induced apopto-
sis through activating DR5. In the context of arsenic, a dose- and time-dependent elevation
of DR5 mRNA level and protein expression was confirmed by qRT-PCR and Western blot
analysis (Figure 4A-D). Next, ATF3 KO and parent cells were exposed to 20 uM arsenic to
examine the role of ATF3 in arsenic-upregulated DR5 expression. As shown in Figure 4E,F,
the ATFE3-deficiency significantly repressed the induction of DR5 mRNA and protein under
arsenic treatment, compared with parent cells. There are four putative ATF/CRE motifs
in the human DR5 promoter region, whereas only the two binding sites proximal to the
transcription start site, which are labeled as BS1 and BS2 in Figure 4G, are fully required
for DR5 induction [20,21]. To verify whether the arsenic-induced ATF3 upregulates DR5
expression by directly binding to the DR5 promoter, we conducted ChlIP assay, targeting
the two promoter motifs essential for DR5 induction, termed as R1 and R2 (Figure 4G).
Upon arsenic exposure, ATF3 protein was indeed recruited onto the DR5 promoter, as
a significant amplification of regions R1 and R2 was obtained in arsenic-treated cells by
immunoprecipitation with anti-ATF3 antibody (Figure 4H). No bands were observed in
the same ChIP assay performed in ATF3 KO cells (Supplementary Figure S3). Collectively,
these data reveal that ATF3 binds to the ATF/CRE motifs in the promoter region of DRS5,
thereby activating DR5 expression in response to arsenic exposure.
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Figure 3. ATF3 functions as a pro-apoptotic protein in apoptosis induced by arsenic. (A,B) Parent
and ATF3 KO cells were treated with or without 20 uM arsenic, and ATF3 mRNA level and protein
expression were determined by qRT-PCR and Western blot analysis, respectively. (C) ATF3 KO
and parent cells were exposed to arsenic (0, 5, 10, 20, 40 and 80 uM) for 24 h, and cell viability
was measured by MTT assay. Data are presented as mean £ SD and represent three independent
experiments. Statistics were performed by t-test; ** p < 0.01, compared with parent cells. (D) ATF3 KO
and parent cells were treated with or without 20 uM arsenic for 24 h and then subjected to Annexin
V-FITC/PI staining, which was analyzed by flow cytometry. (E) Percentage of apoptotic cells was
the sum of percentages of early and late-phase apoptotic cells. Data are presented as mean + SD of
three independent experiments. Statistics were performed by paired t-test; * p < 0.05, compared with
parent cells. (F) cell lysates were collected from ATF3 KO and parent cells treated with or without
20 uM arsenic for 24 h, and Western blot analysis was performed to detect the cleavage of caspase 3,
8and 9.
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Figure 4. ATF3 directly binds to the DR5 promoter and enhances DR5 expression in response to arsenic. (A-D) Cells were
exposed to arsenic (0, 5, 10 and 20 uM) for 24 h or to 20 uM arsenic for indicated hours. DR5 mRNA level and protein
expression were analyzed by qRT-PCR and Western blot analysis, respectively. One-way ANOVA was performed for
the statistics. (E,F) ATF3 KO and parent cells were treated with or without 20 uM arsenic for 24 h, and DR5 transcripts
and protein were examined. (G) Schematic representation of the DR5 promoter. (H) BEAS-2B cells were treated with or
without 20 uM arsenic for 12 h, and then ChIP assay was conducted. Data are presented as mean + SD and represent three
independent experiments. T-test was performed to determine the statistically significant difference from non-treated cells,
or between arsenic-exposed parent and ATF3 KO cells. * p < 0.05 and ** p < 0.01.

2.5. ATF3 Is Recruited onto the Bcl-xL Promoter and Represses Bcl-xL Expression upon
Arsenic Exposure

Bcl-xL is a pro-survival protein that inhibits apoptosis by preventing the disruptive
effect of Bax on outer mitochondrial membrane integrity and disturbing DISC forma-
tion [23]. The negative regulation of ATE3 on Bcl-xL makes cancer cells more sensitive to
histone deacetylase inhibitors (HDACi) [24]. To see if ATF3 mediates the arsenic-induced
apoptosis through the repression of Bcl-xL, we examined the expression of Bcl-xL upon
arsenic exposure. Both Bcl-xL. mRNA level and protein expression were decreased dose-
and time-dependently when BEAS-2B cells were treated with arsenic (Figure 5A-D). ATF3
KO cells were more resistant to the reduction of Bcl-xL expression during arsenic treatment
in comparison with parent cells, indicating the requirement of ATF3 in arsenic-mediated
repression of Bcl-xL (Figure 5E,F). Furthermore, we performed ChIP assay to find out
whether ATF3 directly binds to the Bcl-xL promoter to suppress Bcl-xL transcription. Ac-
cording to previous analysis, there are three putative ATF/CRE motifs and an AP-1 site on
the Bcl-xL promoter (Figure 5G) [24]. The enrichment of ATF3 binding following arsenic
treatment was noticed at regions R3 and R4, indicating the recruitment of ATF3 onto the
binding sites BS2 and BS3 on the Bcl-xL promoter. No binding of ATF3 at BS2 or BS3 was
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Figure 5. ATF3 is recruited onto the Bcl-xL promoter and represses Bcl-xL expression upon arsenic insult. (A-D) Cells were
exposed to arsenic (0, 5, 10 and 20 uM) for 24 h or to 20 uM arsenic for indicated hours, and subjected to qRT-PCR and
Western blot analysis for Bcl-xL expression, respectively. One-way ANOVA was performed for the statistics. (E,F) ATF3 KO
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were subjected to ChIP assays with an anti-ATF3 antibody, and the amount of precipitated DNA was measured by PCR.
Data are presented as mean £ SD and represent three independent experiments. T-test was conducted to determine the
statistically significant difference from non-treated cells, or between arsenic-exposed parent and ATF3 KO cells. * p < 0.05
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ATEF3 has been shown to be responsive to various stresses and determine cell fate by ei-
ther mediating apoptosis or facilitating DNA repair. In this study, we clearly demonstrated
that, in BEAS-2B cells, ATF3 is induced upon arsenic exposure in a JNK- and p38-dependent
manner. Arsenic-induced ATF3 then translocates into the nucleus and directly binds to
the promoter regions of DR5 and Bcl-xL to oppositely regulate the expression of DR5 and
Bcl-xL. The enhanced-expression of DR5 and suppressed-expression of Bcl-xL mediated by
ATF3 contribute to arsenic-induced apoptosis, indicating that ATF3 acts as a pro-apoptotic
transcription factor in arsenic-associated cytotoxicity (Figure 6).
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Figure 6. A schematic model of the regulation of ATF3 on DR5 and Bcl-xL expression upon arsenic
exposure. Arsenic induces ATF3 through JNK and p38, and then ATF3 is recruited onto the promoter
regions of DR5 and Bcl-xL to enhance DR5 expression and repress Bcl-xL expression. The opposite
regulation of ATE3 on DR5 and Bcl-xL expression facilitates arsenic-induced apoptosis.

Although the basis for lung selectivity of arsenic exposure is not understood yet, the
accumulation of arsenic in lung has been observed during chronic and high-level arsenic
exposure [25]. Epidemiological studies have revealed a high correlation between arsenic
pollution and pulmonary disorders such as increased airway inflammation, the incidence of
lung cancer and restrictive pattern lung diseases [26-28]. In addition, in vivo experiments
have manifested that oral administration of arsenic disrupts airway immune responses and
redox status in mice [29,30]. BEAS-2B cells are primary normal human bronchial epithelial
cells immortalized by SV40 and have been identified as a classic in vitro model to study
the toxicology of arsenic in airway epithelium. Therefore, BEAS-2B cells were used in our
study to explore the molecular mechanisms of arsenic-induced cytotoxic effects in lung.

It was reported that ATF3 induction is mediated by JNK and p38 in Streptococcus
Pneumoniae-infected murine macrophages [31]. However, the involvement of MAPK sub-
families in ATF3 upregulation varies depending on stimuli. For example, p38 is necessary
for the induction of ATF3 by anisomycin, inflammatory cytokines and HyO,, whereas nei-
ther ERK nor JNK participates in anisomycin-induced ATF3 [32]. Besides MAPK signaling,
ATEF3 induction under different pathological conditions may rely on the activation of other
pathways such as JAK/STAT, SMAD and c-myc [10]. In the present work, we observed the
increased phosphorylation of JNK and p38 by arsenic and addressed the indispensability
of JNK and p38 activation for arsenic-induced ATF3. Our findings thus indicate that JNK
and p38 pathways rather than ERK or PI3K/Akt pathways are the upstream regulators of
ATF3 expression induced by arsenic.

Our study reported that arsenic triggered both intrinsic and extrinsic apoptosis in
BEAS-2B cells, and the apoptosis was compromised in ATF3-deficient cells. During the
investigation of potential mechanisms, we found that ATF3-deficient cells expressed a lower
level of DR5 and a higher level of Bcl-xL upon arsenic exposure compared with parent
cells, and the regulation of ATF3 on DR5 and Bcl-xL was at transcriptional level, since
ATF3 was able to bind to the promoter of DR5 and Bcl-xL directly. In many cancers, ATF3
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expression is enhanced by anti-tumor agents and has positive effects on apoptosis. For
instance, withaferin A, a bioactive compound derived from Withania somnifera, activates
the ATF4-ATF3—-CHOP axis to initiate apoptosis in glioblastoma cells [33]. In NSCLC
cells, pemetrexed, a folate antimetabolite, induces apoptosis through the ATF4-ATF3-
Noxa-Usp9x-Mcl-1 pathway [34]. It would be intriguing to test whether the identified
downstream targets related to the pro-apoptotic activity of ATF3 are universally or cell-
and stimulus-specific.

Previous research suggests that ATF3 homodimers repress gene expression and het-
erodimers (with other bZip proteins) activate or inhibit transcription [10]. This description
implies that the gene expression regulated by ATF3 and the exact regulation of ATF3 on
transcription may depend on the protein interacted with ATF3. For example, overexpres-
sion of ATF3 represses PTEN-induced putative kinase 1 (PINK1) gene transcription in lung
epithelial cells, while ATF3/c-Jun complex stimulates cannabinoid receptor type 1 (CB1R)
transcription in chronic kidney disease (CKD) [35,36]. Therefore, further elucidation for
the mechanism by which ATEF3 regulates transcription is required.

Our research indicates that ATFE3 is an early and sensitive biomarker for arsenic
exposure, with the observation that ATF3 mRNA level and protein expression were elevated
significantly at 2 and 4 h after arsenic exposure, respectively. Herein, ATF3 seems to be
a good indicator for early lung injury caused by high-dose arsenic intoxication. As is
well-known, high concentrations of arsenic can elicit rapid toxic effects leading to death,
while low concentrations of arsenic are unlethal but threaten human health through the
potent carcinogenic effects. Meanwhile, low-dose and high-dose arsenic exposure may
trigger different cellular possesses. Therefore, our next step is to investigate the role of
ATF3 in arsenic-induced carcinogenesis and the molecular mechanisms, and to determine
whether ATF3 is an attractive target to alleviate arsenic-caused lung injury or prevent
arsenic-induced carcinogenesis. Moreover, given that ATF3 promotes the arsenic-induced
apoptosis, targeting ATF3 may have synergic effects with arsenic in APL treatment.

4. Materials and Methods
4.1. Cell Culture and Reagents

Human bronchial epithelial BEAS-2B cells were purchased from the China Center for
Type Culture Collection (CCTCC, Wuhan, China) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Invitrogen, San Diego, CA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, NY, USA). ATE3 KO BEAS-2B cells were custom developed
by using a CRISPR/Cas9 gene-editing method by Cyagen Biosciences (Suzhou, China).
Sodium meta-arsenite (NaAsO;) was purchased from Sigma (St Louis, MO, USA). The
inhibitors, SB203580, SP600125, U0126 and LY294002, were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Antibodies against ATF3 (33593), DR5 (3696), JNK (9252),
p-JNK (4668), p38 (8690), p-p38 (9215), Bcl-xL (2764), caspase 8 (9746), cleaved caspase
8 (8592), caspase 3 (14220), cleaved caspase 3 (9664), caspase 9 (9502), cleaved caspase 9
(9509), a-tubulin (2125), AKT (C67E7), p-AKT (4060T), ERK (4695), p-ERK (91015) and
-actin (4970) were purchased from Cell Signaling Technologies (Danvers, MA, USA).

4.2. Plasmid Construct and Dual Luciferase Assay

The human ATF3 promoter was synthesized by GenScript Biotech Corporation (Nan-
jing, China), and subcloned into pGL3 vector to construct pATF3-luc that expresses Firefly
luciferase under the control of ATF3 promoter. BEAS-2B cells were transfected with pATF3-
luc and a plasmid constitutively expressing Renilla luciferase (pRL-TK) by lipofectamineTM
3000 (Invitrogen, San Diego, CA, USA). Cells were treated with or without arsenic and
processed by using Dual-luciferase Reporter Assay System (Promega, Madison, WI, USA)
as per the manufacturer’s instruction. Firefly luciferase expression was normalized to
Renilla luciferase expression.
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4.3. RNA Isolation and Quantitative RT-PCR

The total RNA was extracted by using a GeneJet RNA purification kit (Thermo
Fisher Scientific, Inc., Waltham, MA, USA), and reverse transcription was conducted
by using a cDNA Synthesis Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Then qPCR was performed as described previously [37]. In this study, the following
primer pairs were used: ATF3, 5-CCTCTGCGCTGGAATCAGTC-3' (forward) and 5'-
TTCTTTCTCGTCGCCTCTTTTT-3/(reverse); DR5, 5'-ACAGTTGCAGCCGTAGTCTTG-3’
(forward) and 5'-CCAGGTCGTTGTGAGCTTCT-3' (reverse); Bcl-xL, 5-GAGCTGGTGGTT
GACTTTCTC-3' (forward) and 5'-TCCATCTCCGATTCAGTCCCT-3’ (reverse); GAPDH, 5'-
GGAGCGAGATCCCTCCAAAAT-3' (forward) and 5-GGCTGTTGTCATACTTCTCATGG-
3/ (reverse).

4.4. Protein Isolation and Western Blot Analysis

Whole cell extracts were prepared for analysis by Western blotting as described in a
previous study [38]. Protein lysates were separated by SDS-PAGE and transferred onto
PVDF membranes by electrophoretic transfer. The blots were blocked in TBST containing
5% fat free milk and incubated with a primary antibody at 4 °C, overnight. Then the
blots were washed with TBST and incubated with horseradish peroxidase-conjugated
anti-mouse/rabbit antibody, at room temperature, for 1 h. The bound antibodies were
detected by Super Signal West Pico Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

4.5. Apoptosis Analysis by Flow Cytometry

Parent or ATF3 KO BEAS-2B cells were seeded in 6-well plates and treated with
or without 20 uM arsenic for 24 h. Then cells were detached by trypsin and stained by
using Annexin V-FITC Apoptosis Detection Kit (BD Bioscience, Franklin Lakes, NJ, USA)
according to manufacturer’s instruction. Apoptotic cells were measured by Beckman
CytoFLEX S (Beckman Coulter, Brea, CA, USA).

4.6. Cell Viability Assay

Parent or ATF3 KO BEAS-2B cells were placed in a 96-well plate, at a density of
5 x 103 cells/well, and exposed to different concentrations of arsenic. Then, 24 h later, cells
were stained with MTT for 4 h. The medium was then removed, and formazan crystals
were dissolved by DMSO. Absorbance was measured at 570 nm, using a microplate reader.

4.7. Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was performed using SimpleChIP Enzymatic Chromatin IP kit (Cell
Signaling Technology, Danvers, MA, USA). Briefly, arsenic-exposed or non-exposed BEAS-
2B cells were treated with 1% formaldehyde for 10 min. After enzymatic reaction, im-
munoprecipitation was performed at 4 °C, overnight, with rotation, using anti-ATF3
antibody or control IgG. A small chromatin-protein sample was kept before immuno-
precipitation and used as input. Reverse-crosslink was conducted at 65 °C for 2 h, and
then DNA was purified. PCR was performed using the following primers: DR5-R1, 5'-
GCAGTTGCACATTGGATCTG-3' (forward) and 5'-TATGTGTCCAGGCTGACTTG-3' (re-
verse); DR5-R2, 5-AAGGTTAGTTCCGGTCCCTTC-3' (forward) and 5-TTCCACCACAGG
TTGGTGAC-3' (reverse); Bcl-xL-R1, 5'-GAAACCTTGAACCCCATTGA-3' (forward) and 5'-
GGCTCTCCGCCTCCTACT-3' (reverse); Bcl-xL-R2, 5'-CTTTGGGGAATTCAGAGCAA-3
(forward) and 5'-GGACTTCTCAATGGGGTTCA-3' (reverse); Bcl-xL-R3, 5-CAGGAAAAC
GTGGTCTCAGC-3' (forward) and 5'-TTGCTCTGAATTCCCCAAAG-3' (reverse); Bcl-xL-
R4, 5'-CCCTCCTCTCAGGAAGGTCT-3 (forward) and 5'-CAGCTGAGACCACGTTTTCC-
3 (reverse); GAPDH, 5'-CTTGACTCCCTAGTGTCCTTC-3' (forward) and 5'-AAGGTCTTG
AGGCCT-3' (reverse).
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4.8. Transfection of siRNA and Plasmids

The JNK siRNA: 5-CCUACCUUCUCUAUCAGAUTT-3 (sense); 5'-AUCUGAUAGA
GAAGGUAGGTT-3 (antisense). The p38 siRNA: 5-GGACUAUUUAUUCCAGCUUTT-3
(sense); 5'-AAGCUGGAAUAAAUAGUCCTT-3' (antisense). ATF3 cDNA was synthesized
by GenScript (Nanjing, China) and inserted into pcDNA3.1. Transfection was performed
by using Lipofectamine 3000.

4.9. Statistical Analysis

Data are presented as mean + SD. Two-tailed t-test was used for a comparison of
two datasets. One-way ANOVA was used for a comparison of more than two groups. A
p value < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22084223/s1, Figure S1: The inhibition of U0126 and LY294002 on ERK and AKT pathway,
respectively. Figure S2: Overexpression ATF3 in ATF3 KO BEAS-2B cells restored arsenic-induced
apoptosis. Figure S3: ChIP assay with ATF3 KO BEAS-2B cells. Figure S4: Using ATF3 KO BEAS-2B
cells for ChIP assay as negative control.

Author Contributions: Conceptualization, Q.S.; methodology, Q.S. and B.H.; investigation, Q.S.,
B.H., C.Y. and L.Z,; formal analysis, ].W., writing—original draft preparation, Q.S.; writing—review
and editing, N.Q.; supervision, N.Q. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported grants from the National Natural Science Foundation of China
(No. 31870864 to N.Q.; No. 81703181 to Q.S.) and Natural Science Foundation of Zhejiang Province
(No. LY20C080003 to Q.S.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Abdul, K.S; Jayasinghe, S.S.; Chandana, E.P,; Jayasumana, C.; De Silva, PM. Arsenic and human health effects: A review. Environ.
Toxicol. Pharmacol. 2015, 40, 828-846. [CrossRef]

2. Chen, QY. LiJ,; Sun, H,; Wu, F; Zhu, Y.; Kluz, T.; Jordan, A.; DesMarais, T.; Zhang, X.; Murphy, A.; et al. Role of miR-31 and
SATB?2 in arsenic-induced malignant BEAS-2B cell transformation. Mol. Carcinog. 2018, 57, 968-977. [CrossRef]

3. Chen, Q.Y,; Costa, M. PI3K/Akt/mTOR Signaling Pathway and the Biphasic Effect of Arsenic in Carcinogenesis. Mol. Pharmacol.
2018, 94, 784-792. [CrossRef]

4. Zhu, HH.; Hu, J.; Lo-Coco, E; Jin, J. The simpler, the better: Oral arsenic for acute promyelocytic leukemia. Blood 2019, 134,
597-605. [CrossRef]

5. Mahalanobish, S.; Saha, S.; Dutta, S.; Sil, P.C. Mangiferin alleviates arsenic induced oxidative lung injury via upregulation of the
Nrf2-HO1 axis. Food Chem. Toxicol. 2019, 126, 41-55. [CrossRef]

6. Dodson, M.; de la Vega, M.R.; Harder, B.; Castro-Portuguez, R.; Rodrigues, S.D.; Wong, PX.; Chapman, E.; Zhang, D.D. Low-level
arsenic causes proteotoxic stress and not oxidative stress. Toxicol. Appl. Pharmacol. 2018, 341, 106-113. [CrossRef] [PubMed]

7. Qi Y;Li, H; Zhang, M.; Zhang, T; Frank, J.; Chen, G. Autophagy in arsenic carcinogenesis. Exp. Toxicol. Pathol. 2014, 66, 163-168.
[CrossRef]

8. Zhao, E,; Severson, P; Pacheco, S.; Futscher, BW.; Klimecki, W.T. Arsenic exposure induces the Warburg effect in cultured human
cells. Toxicol. Appl. Pharmacol. 2013, 271, 72-77. [CrossRef] [PubMed]

9. Lau, A,; Zheng, Y.; Tao, S.; Wang, H.; Whitman, S.A.; White, E.; Zhang, D.D. Arsenic inhibits autophagic flux, activating the
Nrf2-Keapl pathway in a p62-dependent manner. Mol. Cell. Biol. 2013, 33, 2436-2446. [CrossRef] [PubMed]

10. Rohini, M.; Haritha Menon, A.; Selvamurugan, N. Role of activating transcription factor 3 and its interacting proteins under
physiological and pathological conditions. Int. J. Biol. Macromol. 2018, 120, 310-317. [CrossRef]

11. Wang, L; Liu, Y,; Du, T,; Yang, H,; Lei, L.; Guo, M,; Ding, H.F;; Zhang, ].; Wang, H.; Chen, X_; et al. ATF3 promotes erastin-induced

ferroptosis by suppressing system Xc(). Cell Death Differ. 2020, 27, 662—675. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms22084223/s1
https://www.mdpi.com/article/10.3390/ijms22084223/s1
http://doi.org/10.1016/j.etap.2015.09.016
http://doi.org/10.1002/mc.22817
http://doi.org/10.1124/mol.118.112268
http://doi.org/10.1182/blood.2019000760
http://doi.org/10.1016/j.fct.2019.02.022
http://doi.org/10.1016/j.taap.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29408041
http://doi.org/10.1016/j.etp.2014.01.004
http://doi.org/10.1016/j.taap.2013.04.020
http://www.ncbi.nlm.nih.gov/pubmed/23648393
http://doi.org/10.1128/MCB.01748-12
http://www.ncbi.nlm.nih.gov/pubmed/23589329
http://doi.org/10.1016/j.ijbiomac.2018.08.107
http://doi.org/10.1038/s41418-019-0380-z
http://www.ncbi.nlm.nih.gov/pubmed/31273299

Int. . Mol. Sci. 2021, 22, 4223 13 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wang, Z.; He, Y.; Deng, W.; Lang, L.; Yang, H.; Jin, B.; Kolhe, R.; Ding, H.F,; Zhang, J.; Hai, T.; et al. Atf3 deficiency promotes
genome instability and spontaneous tumorigenesis in mice. Oncogene 2018, 37, 18-27. [CrossRef]

Sood, V.; Sharma, K.B.; Gupta, V.; Saha, D.; Dhapola, P.; Sharma, M.; Sen, U; Kitajima, S.; Chowdhury, S.; Kalia, M.; et al. ATF3
negatively regulates cellular antiviral signaling and autophagy in the absence of type I interferons. Sci. Rep. 2017, 7, 8789.
[CrossRef]

Cui, H.; Guo, M.; Xu, D.; Ding, Z.C.; Zhou, G.; Ding, H.E; Zhang, ].; Tang, Y.; Yan, C. The stress-responsive gene ATE3 regulates
the histone acetyltransferase Tip60. Nat. Commun. 2015, 6, 6752. [CrossRef] [PubMed]

Cui, H.; Li, X,; Han, C.; Wang, Q.E.; Wang, H.; Ding, H.E; Zhang, ].; Yan, C. The Stress-responsive Gene ATF3 Mediates
Dichotomous UV Responses by Regulating the Tip60 and p53 Proteins. J. Biol. Chem. 2016, 291, 10847-10857. [CrossRef]

You, Z.; Xu, J.; Li, B.; Ye, H.; Chen, L.; Liu, Y; Xiong, X. The mechanism of ATF3 repression of epithelial-mesenchymal transition
and suppression of cell viability in cholangiocarcinoma via p53 signal pathway. J. Cell. Mol. Med. 2019, 23, 2184-2193. [CrossRef]
[PubMed]

Wei, S,; Li, T; Xie, R;; Ye, B.; Xiang, J.; Liu, K.; Chen, Z.; Gao, X. The role of ATF3 in ZnO nanoparticle-induced genotoxicity and
cytotoxicity in bronchial epithelial cells. Int. J. Biochem. Cell Biol. 2019, 113, 95-102. [CrossRef]

Park, YH.; Kim, D.; Dai, J.; Zhang, Z. Human bronchial epithelial BEAS-2B cells, an appropriate in vitro model to study heavy
metals induced carcinogenesis. Toxicol. Appl. Pharmacol. 2015, 287, 240-245. [CrossRef]

Alamolhodaei, N.S.; Shirani, K.; Karimi, G. Arsenic cardiotoxicity: An overview. Environ. Toxicol. Pharmacol. 2015, 40, 1005-1014.
[CrossRef]

Taketani, K.; Kawauchi, J.; Tanaka-Okamoto, M.; Ishizaki, H.; Tanaka, Y.; Sakai, T.; Miyoshi, J.; Maehara, Y.; Kitajima, S. Key
role of ATF3 in p53-dependent DR5 induction upon DNA damage of human colon cancer cells. Oncogene 2012, 31, 2210-2221.
[CrossRef]

Edagawa, M.; Kawauchi, J.; Hirata, M.; Goshima, H.; Inoue, M.; Okamoto, T.; Murakami, A.; Maehara, Y.; Kitajima, S. Role of
activating transcription factor 3 (ATF3) in endoplasmic reticulum (ER) stress-induced sensitization of p53-deficient human colon
cancer cells to tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis through up-regulation
of death receptor 5 (DR5) by zerumbone and celecoxib. J. Biol. Chem. 2014, 289, 21544-21561. [CrossRef]

Liu, Z.; Shi, Q.; Song, X.; Wang, Y.; Song, E.; Song, Y. Activating Transcription Factor 4 (ATF4)-ATF3-C/EBP Homologous Protein
(CHOP) Cascade Shows an Essential Role in the ER Stress-Induced Sensitization of Tetrachlorobenzoquinone-Challenged PC12
Cells to ROS-Mediated Apoptosis via Death Receptor 5 (DR5) Signaling. Chem. Res. Toxicol. 2016, 29, 1510-1518. [CrossRef]
Chen, N.; Chen, X.; Huang, R.; Zeng, H.; Gong, ].; Meng, W.; Lu, Y.; Zhao, F; Wang, L.; Zhou, Q. BCL-xL is a target gene regulated
by hypoxia-inducible factor-1{alpha}. J. Biol. Chem. 2009, 284, 10004-10012. [CrossRef] [PubMed]

Chueh, A.C;; Tse, ].W.T.; Dickinson, M.; Ioannidis, P,; Jenkins, L.; Togel, L.; Tan, B.; Luk, I.; Davalos-Salas, M.; Nightingale, R.; et al.
ATEF3 Repression of BCL-XL Determines Apoptotic Sensitivity to HDAC Inhibitors across Tumor Types. Clin. Cancer Res. 2017, 23,
5573-5584. [CrossRef]

Dodmane, P.R.; Arnold, L.L.; Kakiuchi-Kiyota, S.; Qiu, F; Liu, X.; Rennard, S.I.; Cohen, S.M. Cytotoxicity and gene expression
changes induced by inorganic and organic trivalent arsenicals in human cells. Toxicology 2013, 312, 18-29. [CrossRef]

Sanchez, T.R.; Powers, M.; Perzanowski, M.; George, C.M.; Graziano, ].H.; Navas-Acien, A. A Meta-analysis of Arsenic Exposure
and Lung Function: Is There Evidence of Restrictive or Obstructive Lung Disease? Curr. Environ. Health Rep. 2018, 5, 244-254.
[CrossRef]

Shih, Y.H.; Argos, M.; Turyk, M.E. Urinary arsenic concentration, airway inflammation, and lung function in the U.S. adult
population. Environ. Res. 2019, 175, 308-315. [CrossRef] [PubMed]

Zhou, Q.; Xi, S. A review on arsenic carcinogenesis: Epidemiology, metabolism, genotoxicity and epigenetic changes. Regul.
Toxicol. Pharmacol. 2018, 99, 78-88. [CrossRef]

Li, J.; Zhao, L.; Zhang, Y.; Li, W.; Duan, X,; Chen, J.; Guo, Y,; Yang, S.; Sun, G.; Li, B. Imbalanced immune responses involving
inflammatory molecules and immune-related pathways in the lung of acute and subchronic arsenic-exposed mice. Environ. Res.
2017, 159, 381-393. [CrossRef]

Henderson, M.W.; Madenspacher, ].H.; Whitehead, G.S.; Thomas, S.Y.; Aloor, ].J.; Gowdy, K.M.; Fessler, M.B. Effects of Orally
Ingested Arsenic on Respiratory Epithelial Permeability to Bacteria and Small Molecules in Mice. Environ. Health Perspect. 2017,
125, 097024. [CrossRef] [PubMed]

Nguyen, C.T,; Kim, E.H.; Luong, T.T,; Pyo, S.; Rhee, D.K. TLR4 mediates pneumolysin-induced ATF3 expression through the
JNK/p38 pathway in Streptococcus pneumoniae-infected RAW 264.7 cells. Mol. Cells 2015, 38, 58-64. [CrossRef]

Lu, D,; Chen, ]J.; Hai, T. The regulation of ATF3 gene expression by mitogen-activated protein kinases. Biochem. |. 2007, 401,
559-567. [CrossRef]

Tang, Q.; Ren, L, Liu, J.; Li, W,; Zheng, X.; Wang, J.; Du, G. Withaferin A triggers G2/M arrest and intrinsic apoptosis in
glioblastoma cells via ATF4-ATF3-CHOP axis. Cell Prolif. 2020, 53, €12706. [CrossRef] [PubMed]

Yan, J.; Zhong, N.; Liu, G.; Chen, K; Liu, X.; Su, L.; Singhal, S. Usp9x- and Noxa-mediated Mcl-1 downregulation contributes to
pemetrexed-induced apoptosis in human non-small-cell lung cancer cells. Cell Death Dis. 2014, 5, e1316. [CrossRef]

Bueno, M.; Brands, J.; Voltz, L.; Fiedler, K.; Mays, B.; St Croix, C.; Sembrat, J.; Mallampalli, R.K.; Rojas, M.; Mora, A.L. ATF3
represses PINK1 gene transcription in lung epithelial cells to control mitochondrial homeostasis. Aging Cell 2018, 17. [CrossRef]
[PubMed]


http://doi.org/10.1038/onc.2017.310
http://doi.org/10.1038/s41598-017-08584-9
http://doi.org/10.1038/ncomms7752
http://www.ncbi.nlm.nih.gov/pubmed/25865756
http://doi.org/10.1074/jbc.M115.713099
http://doi.org/10.1111/jcmm.14132
http://www.ncbi.nlm.nih.gov/pubmed/30648816
http://doi.org/10.1016/j.biocel.2019.06.007
http://doi.org/10.1016/j.taap.2015.06.008
http://doi.org/10.1016/j.etap.2015.08.030
http://doi.org/10.1038/onc.2011.397
http://doi.org/10.1074/jbc.M114.558890
http://doi.org/10.1021/acs.chemrestox.6b00181
http://doi.org/10.1074/jbc.M805997200
http://www.ncbi.nlm.nih.gov/pubmed/19211554
http://doi.org/10.1158/1078-0432.CCR-17-0466
http://doi.org/10.1016/j.tox.2013.07.008
http://doi.org/10.1007/s40572-018-0192-1
http://doi.org/10.1016/j.envres.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31146102
http://doi.org/10.1016/j.yrtph.2018.09.010
http://doi.org/10.1016/j.envres.2017.08.036
http://doi.org/10.1289/EHP1878
http://www.ncbi.nlm.nih.gov/pubmed/28960179
http://doi.org/10.14348/molcells.2015.2231
http://doi.org/10.1042/BJ20061081
http://doi.org/10.1111/cpr.12706
http://www.ncbi.nlm.nih.gov/pubmed/31642559
http://doi.org/10.1038/cddis.2014.281
http://doi.org/10.1111/acel.12720
http://www.ncbi.nlm.nih.gov/pubmed/29363258

Int. . Mol. Sci. 2021, 22, 4223 14 of 14

36.

37.

38.

Hsu, YJ.; Hsu, S.C.; Chang, Y.L.; Huang, S.M.; Shih, C.C.; Tsai, C.S.; Lin, C.Y. Indoxyl sulfate upregulates the cannabinoid type 1
receptor gene via an ATF3/c-Jun complex-mediated signaling pathway in the model of uremic cardiomyopathy. Int. J. Cardiol.
2018, 252, 128-135. [CrossRef] [PubMed]

Shi, Q.; Zhao, L.; Xu, C.; Zhang, L.; Zhao, H. High Molecular Weight Hyaluronan Suppresses Macrophage M1 Polarization and
Enhances IL-10 Production in PM2.5-Induced Lung Inflammation. Molecules 2019, 24. [CrossRef]

Xu, C,; Shi, Q.; Zhang, L.; Zhao, H. High molecular weight hyaluronan attenuates fine particulate matter-induced acute lung
injury through inhibition of ROS-ASK1-p38/JNK-mediated epithelial apoptosis. Environ. Toxicol. Pharmacol. 2018, 59, 190-198.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.ijcard.2017.11.086
http://www.ncbi.nlm.nih.gov/pubmed/29203210
http://doi.org/10.3390/molecules24091766
http://doi.org/10.1016/j.etap.2018.03.020
http://www.ncbi.nlm.nih.gov/pubmed/29625389

	Introduction 
	Results 
	ATF3 Is Induced in BEAS-2B Cells upon Arsenic Exposure 
	The Arsenic-Induced ATF3 Expression Relies on JNK and p38 
	ATF3 Mediates the Arsenic-Induced Apoptosis 
	Arsenic-Induced ATF3 Activates DR5 Transcription by Directly Binding to the DR5 Promoter 
	ATF3 Is Recruited onto the Bcl-xL Promoter and Represses Bcl-xL Expression upon Arsenic Exposure 

	Discussion 
	Materials and Methods 
	Cell Culture and Reagents 
	Plasmid Construct and Dual Luciferase Assay 
	RNA Isolation and Quantitative RT-PCR 
	Protein Isolation and Western Blot Analysis 
	Apoptosis Analysis by Flow Cytometry 
	Cell Viability Assay 
	Chromatin Immunoprecipitation (ChIP) Assay 
	Transfection of siRNA and Plasmids 
	Statistical Analysis 

	References

