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NB4 cell, the human acute promyelocytic leukemia (APL) 
cell line, was treated with various concentrations of arsenic 
trioxide (ATO) to induce apoptosis, measured by staining 
with 7-amino-actinomycin D (7-AAD) by flow cytometry. 
2’, 7’-dichlorodihydro-fluorescein-diacetate (DCF-DA) and 
MitoSOXTM Red mitochondrial superoxide indicator were 
used to detect intracellular and mitochondrial reactive 
oxygen species (ROS). The steady-state level of SO2 (Cysteine 
sulfinic acid, Cys–SO2H) form for peroxiredoxin 3 (PRX3) 
was measured by a western blot. To evaluate the effect of 
sulfiredoxin 1 depletion, NB4 cells were transfected with 
small interfering RNA and analyzed for their influence on 
ROS, redox enzymes, and apoptosis. The mitochondrial ROS 
of NB4 cells significantly increased after ATO treatment. 
NB4 cell apoptosis after ATO treatment increased in a time-
dependent manner. Increased SO2 form and dimeric PRX3 
were observed as a hyperoxidation reaction in NB4 cells post-
ATO treatment, in concordance with mitochondrial ROS 
accumulation. Sulfiredoxin 1 expression is downregulated 

by small interfering RNA transfection, which potentiated 
mitochondrial ROS generation and cell growth arrest in ATO-
treated NB4 cells. Our results indicate that ATO-induced ROS 
generation in APL cell mitochondria is attributable to PRX3 
hyperoxidation as well as dimerized PRX3 accumulation, 
subsequently triggering apoptosis. The downregulation of 
sulfiredoxin 1 could amplify apoptosis in ATO-treated APL 
cells.

Keywords: acute promyelocytic leukemia, arsenic trioxide, 

peroxiredoxin 3 

INTRODUCTION

Acute promyelocytic leukemia (APL) is characterized by the 

expression of promyelocytic leukemia-retinoic acid receptor 

alpha (PML-RARα), as a result of t(15;17). Despite excellent 

initial responses to all-trans retinoic acid (ATRA), relapsed 

mailto:cmseong@ewha.ac.kr


814  Mol. Cells 2020; 43(9): 813-820

The Mechanism of Arsenic Trioxide Induced Apoptosis in APL
Yeung-Chul Mun et al.

APL patients are often resistant to ATRA if ATRA treatment 

is attempted again. Arsenic trioxide (As2O3; ATO) has been 

used to treat relapsed diseases, and has demonstrated effi-

cacy on newly diagnosed APL patients with or without ATRA 

(Mathews et al., 2010; Sanz et al., 2005; Soignet et al., 

1998; 2001). The therapeutic effects of ATO, which binds 

through its RBCC (RING, B Boxes, and coiled coil) PML moiety 

domains, induced apoptosis and leukemic cell differentiation 

to facilitate the clearance of the leukemia-initiating cells of 

APL (de Thé and Chen, 2010; Mi et al., 2012). ATO exerts 

its anti-leukemia effect by raising oxidative stress in the APL. 

ATO-induced apoptosis is modulated via the cellular glutathi-

one redox system by increasing intracellular levels of reduced 

glutathione to inhibit APL cells. ATO inhibits glutathione 

peroxidase (GPX) activity and consequently increases cellular 

reactive oxygen species (ROS) in APL cells (Jing et al., 1999). 

Meanwhile, Lu et al. (2007) reported that thioredoxin (TRX) 

is a target for ATO-induced ROS generation, leading to death 

in breast cancer cells. ATO not only directly targets the mito-

chondrial electron transport chain, producing ROS in acute 

leukemia cells (Pelicano et al., 2003), but may also affect an-

tioxidant expression within leukemic cells (Sumi et al., 2010; 

Vivas-Mejía et al., 2009). 

 2-Cys peroxiredoxins (PRXs), members of a novel peroxi-

dase family that catalyzes H2O2 reduction, are homodimeric 

cytosolic proteins containing a conserved N-terminal cystein 

residue with TRX, thioredoxin reductase (TRX-R), and nicotin-

amide adenine dinucleotide phosphate (NADPH) (Kang et al., 

2005; Rhee et al., 2005). Several studies have demonstrated 

that some subtype of PRX is involved in leukemogenesis, 

resistance to chemotherapy, and tumor cell survival (Agraw-

al-Singh et al., 2012; Vivas-Mejía et al., 2009; Wen and Van 

Etten, 1997; Zhang et al., 1997). The relationship between 

PRX and leukemia has not been fully evaluated, although it 

may be the key to oncogene-induced leukemia growth and 

to therapeutic responses. APL cells are resistant to ATO treat-

ment, in some cases, although it is an effective therapeutic 

drug for APL. The mechanisms of ROS generation by ATO 

coupled with redox enzymes, including PRX and TRX during 

ATO-induced apoptosis, remain elusive.

 This study aimed to identify ROS sources during ATO treat-

ment in APL cells and what role anti-oxidant enzymes, espe-

cially PRXs, have in ROS generation with ATO. We also tried 

to determine how to potentiate the effect of ROS production 

for more APL cell apoptosis by blocking sulfiredoxin (SRX) 

induction after ATO treatment.

MATERIALS AND METHODS

Cell culture and reagents
The NB4 cell, a human APL cell line, and the A431 cell, a 

human epidermoid carcinoma cell line, were cultivated in 

RPMI media (Welgene, Korea) supplemented with 10% fetal 

bovine serum, 100 units/ml of penicillin, and 100 μg/ml of 

streptomycin (Gibco BRL, USA) in 5% CO2 at 37°C. Arsenic 

trioxide (ATO), 2’, 7’-dichlorodihydro-fluorescein-diacetate 

(DCF-DA), 7-amino-actinomycin D (7-AAD), methylthi-

azolyldiphenyl-tetrazolium bromide (MTT), and rotenone 

were purchased from Sigma (USA). We obtained MitoSOXTM 

Red mitochondrial superoxide indicator from Molecular 

Probes (USA) and Wright’s stain solution (Wright’s Eosin 

Methylene Blue Solution) from Muto Pure Chemicals (Ja-

pan). Antibodies specific for PRX1-3 and TRX-R2 have been 

previously described (Kang et al., 1998; Lee et al., 1999). 

Antibodies specific for caspase 3 and caspase 9 were pur-

chased from Cell Signaling Technology (USA), and antibody 

for alpha-tubulin was from Calbiochem (USA). Antibodies for 

superoxide dismutase 2 (SOD2), GPX, PRXs-SO2, and TRX2 

were purchased from AbFrontier (Korea). SRX1 antibody was 

purchased from Thermo Scientific (USA). Anti-mouse and 

anti-rabbit horseradish peroxidase-conjugated secondary 

antibodies were purchased from Santa Ctuz Biotechnology 

(USA). We purchased Complete Mini protease inhibitor cock-

tail from Roche (Germany), a PierceTM BCA protein assay kit 

from Thermo Scientific, and a small interfering RNA (siRNA) 

against SRX1, AllStars negative control siRNA and HiperFect 

siRNA transfection reagent from Qiagen (USA). Dr. Murphy, 

M.P. (MRC Mitochondrial Biology Unit, UK) gifted us the mi-

toquinone (mitoQ).

Intracellular ROS and mitochondria-specific superoxide 
levels
After NB4 cells were treated with ATO, 10 μM of DCF-DA or 

5 μM of MitoSOXTM Red mitochondrial superoxide indicator 

in dimethyl sulfoxide was mixed with the cells and incubated 

for 20 min at room temperature. The cells were washed, re-

suspended with phosphate buffered saline (PBS), and detect-

ed with the FL1 or FL2 channel of flow cytometry to measure 

intracellular ROS or mitochondrial superoxide, respectively 

(FACSCalibur; BD Biosciences, USA).

Wright’s staining and 7-AAD staining 
After NB4 cells were treated with 2 μM of ATO for the indi-

cated times, apoptotic cell death was examined by staining 

with Wright’s stain solution. The procedure was as follows: 

2 × 104 cells were washed and suspended in 100 μl of PBS 

and collected onto a clean slide glass using cytospin. The slide 

glass was dried and stained with Wright’s stain solution, then 

observed under light microscopy (original magnification, ×

100). Quantitative analysis of apoptotic cell death was as-

sessed by 7-AAD staining. 7-AAD was dissolved in methanol 

and diluted in PBS at a concentration of 200 μg/ml. The di-

luted 7-AAD solution was mixed with the cells and incubated 

for 20 min at room temperature. The cells were washed, re-

suspended with PBS, and analyzed using Cell Quest software 

of flow cytometry (FACSCalibur). 

MTT assay
We cultured 5 × 104 cells/well in a 96 well-plate containing 2 

μM of ATO for the indicated times. MTT solution (5 mg/ml) 

was added into each well, and the mixture was incubated 

for 4 h. Dark purple formazan crystals formed and they were 

solubilized (10% SDS in 0.01 N HCl) overnight. The optical 

density at 560 nm was read with an iMarkTM microplate read-

er (BioRad, USA).

Western blot 
NB4 cells were exposed to the drugs at the indicated con-
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centrations and times. These cells were rinsed with ice-cold 

PBS and lysed in lysis buffer (50 mM Tris (pH 8.0), 0.15 M 

NaCl, 1% NP-40 with protease inhibitor cocktail). A431 cells 

were treated with 1 mM of H2O2 for 10 min and used as a 

positive marker for PRXs-SO2. The total protein concentra-

tion was determined with a PierceTM BCA protein assay kit 

according to the manufacturer’s protocol (Thermo Scientific). 

Equal amounts of total proteins in loading buffer were boiled 

for five min, separated using SDS gel electrophoresis, and 

electrotransferred onto a polyvinylidene difluoride (PVDF) 

membrane (GE Healthcare Life Sciences, USA) using miniVE 

system (GE Healthcare Bio-sciences AB, USA). The PVDF 

membrane was blocked with 5% skim milk in Tris-buffered 

saline (TBS) for 1 h and washed three times (five min/time) 

with TBS containing 0.1% Tween 20 (TBS-T) at room tem-

perature. The membrane and a primary antibody were incu-

bated in TBS containing 5% bovine serum albumine for 2 h 

at room temperature and washed three times with TBS-T. 

The membrane was then incubated with a horseradish per-

oxidase-conjugated secondary antibody (in TBS containing 

5% skim milk) for 1 h and washed three times with TBS-T. 

The membrane was incubated with picoEPD (ELPIS Biotech, 

Korea). The specific bands were visualized by ImageQuant 

LAS 3000 and analyzed using MutiGuage software (ver. 3.0; 

Fujifilm, Japan). 

SRX1 knockdown 
siRNA against SRX1 and Allstars negative control siRNA were 

transfected into NB4 cells to knockdown the SRX1 gene 

using a HiPerFect transfection reagent according to the man-

ufacturer’s protocol. The target sequence of siRNA against 

SRX1 was 5’-CAGATGTACCATGGTGATGTA-3’. After siRNA 

transfection, 2 μM of ATO was treated for 24 h to study 

sulfinic PRX3 expression, cell growth arrest, and mitochondri-

al ROS generation in NB4 cells.

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 

(ver. 23; IBM, USA). The quantitative data were presented as 

mean ± SD and were analyzed with the two-tailed Student’s 

t-test. The asterisks in the figures indicate statistical signifi-

cance (*P < 0.05). 

RESULTS

ATO-induced intracellular and mitochondrial ROS levels in 
NB4 cells
We measured intracellular and mitochondrial ROS after ATO 

treatment in NB4 cells. A flow cytometric analysis demon-

strated that intracellular ROS of NB4 cells was significantly 

increased after 16-24 h of 2 μM of ATO, but decreased after 

39 h (Fig. 1A). The mitochondrial ROS of NB4 cells was sig-

nificantly increased after 16-39 h of 2 μM of ATO (Fig. 1B). 

Intracellular ROS level increased with DCF-DA staining at 2-5 

μM of ATO concentrations (Fig. 1C), and the mitochondrial 

ROS level increased with MitoSOXTM Red mitochondrial su-

peroxide indicator staining at 2-10 μM of ATO (Fig. 1D). 

Apoptosis of NB4 cells by microscopy, MTT assay, and 
7-AAD staining and the expression of cleaved caspase 9 
and cleaved caspase 3 after ATO treatment
After ATO treatment in NB4 cells, apoptotic changes were 

studied by Wright’s staining, MTT assay, and flow cytometric 

analysis using 7-AAD staining. Viable cells were decreased 

and apoptotic cells increased with increasing ATO treatment 

time (Figs. 2A-2C). Cleaved caspase 3 and caspase 9 were 

also observed with ATO treatment, suggesting their role in 

the intrinsic pathway of apoptotsis (Fig. 2D). 

Mitochondrial superoxide activities and apoptosis induced 
by rotenone or mitoQ with ATO of NB4 cells
Rotenone or mitoQ increased the production of ATO-induced 

mitochondrial superoxide (mitoSOX) (Fig. 3A). ATO-induced 

apoptosis of the NB4 cells was potentiated with rotenone 

or mitoQ co-treatment according to the mitoSOX level, sug-

gesting that mitoSOX is important for ATO-induced APL cell 

death (Figs. 3B and 3C). Our study showed that the intrinsic 

Fig. 1. The level of ROS of NB4 cells after ATO treatment. 

(A and B) Intracellular ROS and mitochondrial superoxide 

(mitoSOX) levels of NB4 cells were measured by staining with 

2’, 7’-dichlorodihydro-fluorescein-diacetate (DCF-DA) and 

MitoSOXTM Red mitochondrial superoxide indicator after 2 μM 

of ATO treatment for the indicated times, and were analyzed 

by flow cytometry. (C and D) Intracellular ROS and mitoSOX 

levels of NB4 cells were measured by staining with DCF-DA and 

MitoSOXTM Red mitochondrial superoxide indicator after ATO 

treatment at the indicated concentrations for 24 h, and were 

analyzed by flow cytometry. Experiments were presented as 

mean ± SD. *P < 0.05 vs ATO non-treated baseline.
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apoptosis pathway was activated with an increase in mito-

chondrial ROS in NB4 cells after ATO treatment. Therefore, 

we measured the expression of SOD2, a mitochondria matrix 

enzyme, and GPX, which is associated with apoptosis, in NB4 

cells after ATO treatment. Expression of SOD2 did not change 

with ATO treatment, but there were slight decreases in GPX 

detected after 48 h of ATO treatment (Fig. 3D).

PRX3 hyperoxidation and the impact of SRX1 downregu-
lation by siRNA in ATO-treated NB4 cells 
After NB4 cells were exposed to 2 μM of ATO for 24 h, we 

analyzed the total levels of PRX1, PRX2, and PRX3, and the 

change of cysteine sulfinic acid (Cys–SO2H), and the dimeric 

form of PRXs by western blot analysis. Despite the ATO 

treatment, the total expression levels of PRX1 and PRX2 in 

NB4 cells remained unchanged (data not shown). We de-

tected slight decreases in the total PRX3 expression level in 

ATO-treated NB4 cells. We found the upper band, overox-

idized PRX3, and the lower band, overoxidized PRX1/2 in 

Cys–SO2H PRXs, in our previous western blot assays for PRX-

SO2 (Noh et al., 2009). In this study, the intensity of the cys-

teine sulfinic acid form of PRX3 increased as a hyperoxidation 

reaction after ATO treatment in concordance with the mito-

chondrial ROS. In contrast, Cys–SO2H PRX1/2 was not detect-

ed during ATO exposure. We also evaluated SRX1 expression 

and found SRX1 upregulation in NB4 cells after ATO treat-

ment (Fig. 4A). To evaluate the effect of SRX1 downregula-

tion, NB4 cells were transfected with a small interfering RNA 

(siRNA) against SRX1 and exposed to 2 μM of ATO for 24 

h. As we expected, SRX1 expression decreased with siRNA. 

Cys–SO2H PRX3 expression increased simultaneously by ATO 

in a werstern blot assay (Fig. 4B). As a result, NB4 cell growth 

Fig. 3. The incremental level of mitochondrial superoxide 

(mitoSOX) and the apoptotic fraction of NB4 cells treated with 

ATO. (A) MitoSOX level of NB4 cells was increased after 2 μM of 

ATO co-treatment with the indicated concentrations of rotenone 

or mitoQ for 24 h. (B and C) Apoptotic cell fraction was increased 

after 2 μM of ATO co-treatment with the indicated concentraions 

of rotenone or mitoQ for 24 h. Experiments were presented as 

mean ± SD. *P < 0.05 vs rotenone or mitoQ non-treated baseline 

in ATO treatment. (D) The expression levels of SOD2 and GPX 

were detected by western blot assay after 2 μM of ATO treatment 

for the indicated times. α-Tubulin was used as a loading control.
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(A) Microscopic findings of apoptosis by Wright’s staining 

after 2 μM of ATO treatment for the indicated times. The 

original magnification was ×100. (B and C) Cell viability by 

methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay and 

apoptosis by flow cytometry with 7-amino-actinomycin D 

staining after 2 μM of ATO treatment for the indicated times. 

Experiments were presented as mean ± SD. *P < 0.05 vs ATO 

non-treated baseline. (D) Pro- and cleaved caspase 3 or pro- and 

cleaved caspase 9 expression on western blot analysis after ATO 

treatment at the indicated concentrations and times. α-Tubulin 

was used as a loading control. 
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was inhibited, and mitochondrial ROS increased along with 

the downregulation of SRX1 by siRNA transfection (Figs. 4C 

and 4D).

Dimerization of PRX3 and downregulation of TRX2 and 
TRX-R2 in NB4 cells post-ATO treatment
Dimeric PRX3 (oxidized form) increased and monomeric 

PRX3 (reduced form) decreased in NB4 cells after increasing 

in ATO concentration and expousure time (Fig. 5A). In con-

trast, changes to the dimeric or monomeric form of PRX1/2 

in NB4 cells were not noticeable after ATO treatment (data 

not shown). These results suggest that the change of PRX3 

oxidation status is important for ATO-induced APL cell death 

and that these changes correlate with the level of mitochon-

drial ROS after ATO treatment. To evaluate the change of 

TRX2 and TRX-R2 after ATO-induced APL cell apoptosis, the 

total expression levels of TRX2 and TRX-R2 were measured 

after ATO treatment. The results show that the intensity of 

TRX2 and TRX-R2 decreased after ATO treatment over time 

passed (Fig. 5B), and an inverse correlation with the inten-

sity of oxidative PRX3. These results suggest that TRX2 and 

TRX-R2 expression was suppressed by ATO treatment in NB4 

cells so that mitochondrial ROS increased through inhibition 

of oxidized PRX3 reduction. 

DISCUSSION

APL is characterized by reciprocal chromosomal transloca-

tion, t(15;17), which results in the production of PML–RARα 

fusion protein that causes a defect in the differentiation from 

myeloid precursors. The use of single-agent ATO or ATO com-

bined with ATRA instead of chemotherapy is a promising APL 

treatment, resulting in durable remissions and minimal toxici-

ty (George et al., 2004; Ghavamzadeh et al., 2006; Hu et al., 

2009; Mathews et al., 2010; Ravandi et al., 2009). Recent ev-

idence has suggested that oncogenes, such as BCR-ABL, Flt3-

ITD, Ras, and c-Kit, directly manipulate leukemia signaling but 

also alter the redox homeostasis of leukemia cells elevating 

ROS production (Hole et al., 2011; Irwin et al., 2013; Sallmyr 

et al., 2008). APL leukemogenesis and redox are important, 

as: the downregulation of antioxidants can result in a net 

increase in the total ROS levels by decreased clearance (Irwin 

et al., 2013). Also, there are ROS-producing therapeutics 

that employ oxidative stress to affect the balance of growth, 

Fig. 5. Western blot assay for PRX3 dimerization and 

thioredoxin 2 (TRX2)/thioredoxin reductase 2 (TRX-R2) 

downregulation in NB4 cells after ATO treatment. (A) Dimeric 

and monomeric PRX3 in NB4 cells after ATO treatment. In the left 

panel, NB4 cells were treated with the indicated concentrations of 

ATO for 24 h, and in the right panel, NB4 cells were treated with 

2 μM of ATO for the indicated times. (B) The expression levels of 

TRX2 and TRX-R2 in NB4 cells after 2 μM of ATO treatment for 

the indicated times. α-Tubulin was used as a loading control.
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survival, and cell death (Hole et al., 2011; Irwin et al., 2013; 

Maraldi et al., 2009). In addition, standard leukemia thera-

peutics, including anthracyclines, cytarabine, vincristine, and 

ATO, have produced ROS in some capacity (Gewirtz, 1999; 

Groninger et al., 2002; Iacobini et al., 2001; Kanno et al., 

2004; Lu et al., 2007; Potmesil et al., 1984; Vivas-Mejía et 

al., 2009). Last, upregulation of various antioxidant enzyme 

systems in leukemic cells after chemotherapy can negatively 

affect their anti-leukemic activities (Coe and Schimmer, 2008; 

Kearns et al., 2001; Maung et al., 1994).

 While the therapeutic effect of ATO was demonstrated by 

the induction of apoptosis and differentiation in leukemic 

cells, ATO’s anti-leukemic effect is mainly induced by increas-

ing oxidative stress in the leukemic cells (de Thé and Chen, 

2010; Jing et al., 1999; Mi et al., 2012; Sumi et al., 2010). 

Studies indicated that ATO’s mitochondrial ROS production 

associated with the activation and propagation of apoptot-

ic and necrotic cell death (Liu et al., 2005; Partridge et al., 

2007). ATO reportedly activates NADPH oxidase and inhibits 

antioxidant enzymes such as GPX and TRX-R, thereby induc-

ing ROS-dependent apoptosis (Chou et al., 2004; Jing et al., 

1999; Lu et al., 2007). There is a tightly regulated balance 

between mitochondrial ROS production and the mitochon-

drial antioxidant defense systems, in which PRX3 is a major 

antioxidant enzyme that eliminates approximately 90% of 

H2O2 in the mitochondria (Cox et al., 2010). In our study, we 

observed an increase in mitochondrial ROS and apoptosis in 

NB4 cells post-ATO treatment in a time-dependent manner, 

although NOX-derived ROS also increased. Also, ATO-in-

duced apoptosis of NB4 cells was potentiated with rotenone 

or mitoQ treatment by the level of mitochondrial superoxide 

(Fig. 3). Rotenone and mitoQ were known to play a role in 

inhibiting mitochondria-derived ROS production, but they 

also increase mitochondrial ROS production, as our experi-

ment demonstrated. Li et al. (2003) reported that rotenone 

can induce apoptosis by enhancing the amount of mito-

chondrial ROS in the HL60 cell. Huang et al. (2015) reported 

that mitoQ treatment in a taurolithocholic acid 3-sulphate 

(TLCS)-induced acute pancreatitis model was not protective 

and caused a biphasic effect on ROS production, including 

elevating inflammatory markers. Our findings are consistent 

with previous reports in which mitochondrial ROS production 

is an important mechanism of ATO-induced death (Maraldi 

et al., 2009; Pelicano et al., 2003). In the catalytic cycle of 

2-Cys PRXs, the conserved N-terminal Cys-SH is first oxidized 

by peroxides to cysteine sulfenic acid (Cys-SOH), which then 

reacts with the conserved COOH-terminal Cys-SH of the oth-

er homodimer subunit to form a disulfide bond. This disulfide 

is reduced by TRX, whose oxidized form is then regenerated 

by TRX-R, using NADPH-reducing equivalents (Rhee et al., 

2012). Our results demonstrated that Cys–SO2H PRX3 in-

creased as a hyperoxidation reaction in NB4 cells after ATO 

treatment incrementally by mitochondrial over cytosolic ROS. 

In contrast, Cys–SO2H PRX1/2 and dimeric PRX1/2, located 

in the cytosol, did not change with ATO exposure (data not 

shown). These findings suggest that PRX3 inactivation by hy-

peroxidation and multimerization is the main mechanism of 

ATO-induced ROS accumulation in mitochondria of APL cells, 

resulting in apoptosis in APL cells.

 Research on the fate of the sulfinylated PRX enzyme has 

shown that its sulfinylation is reversible in mammalian cells. 

SRX regenerates inactive 2-Cys PRXs, returning it to the cata-

lytic cycle and preventing its permanent oxidative inactivation 

by strong oxidative stress (Woo et al., 2005). Evidence sug-

gests that SRX, in cytosol, makes a redox-balance by reducing 

PRX1 and PRX2 hyperoxidation. Noh et al. (2009) suggested 

that a reduction of PRX3 hyperoxidation, a mitochondrial an-

tioxidant, is the result of translocating SRX1 to the mitochon-

dria. In the murine model of pyrazole liver injury, removing 

mitochondrial oxidative stress results in apoptosis inhibition 

by translocation of SRX1 in the cytosol to the mitochondria 

that are reducing the hyperoxidized PRX3 (Bae et al., 2012). 

ATO-treated NB4 cells have increased Cys-SO2H PRX3 and 

mitochondrial ROS, which increases NB4 cell apoptosis. How-

ever, an increase in SRX1 in ATO-treated NB4 cells induces 

downregulation of mitochondrial ROS increase preventing 

sufficient anti-leukemic activity. SRX1 suppression through 

siRNA lessened the reduction of Cys-SO2H and increased its 

expression, resulting in an accumulation of mitochondral 

ROS that inhibits NB4 cell proliferation. These results suggest 

that suppressing increases of SRX1 by siRNA while ATO treat-

ing NB4 cells may maximize ATO-induced oxidative stress 

and induce sufficient anti-leukemic activity (Fig. 4). Despite 

the SRX1 elevation, PRX3 hyperoxidation did not decrease, 

which suggests that the rate of PRX3 hyperoxidation in the 

mitochondria exceeded the capacity of SRX molecules to 

reduce the hyperoxidation. Our co-workers made similar ob-

servations in mice with pyrazole-induced oxidative liver injury 

(Bae et al., 2012). Our observations suggest that improving 

the anti-leukemic effects of ATO by concomitant inhibition 

of SRX1 induction in leukemic cells could be enhance ATO’s 

anti-leukemia effects. We evaluated the ATO-induced apop-

tosis in NB4 cells transfected with human SRX siRNA. ATO-in-

duced apoptosis increased due to the downregulation of the 

decrease in oxidized PRX3, resulting in ROS accumulation in 

leukemic cells (Figs. 4B-4D).

 In conclusion, our results demonstrated that active PRX3 

downregulation is the main mechanism of ATO-induced 

ROS generation in APL cell mitochondria, subsequently in-

ducing apoptosis. ATO-induced ROS generation in APL cell 

mitochondria is attributable to PRX3 hyperoxidation and 

dimerized PRX3 accumulation. Interestingly, SRX1 inhibition 

induced apoptosis upregulation by inducing ROS accumula-

tion with ATO. Our findings may support the development of 

novel therapies that increase ROS to potentiate ATO-induced 

apoptosis in APL cells.
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