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Abstract

Despite considerable efficacy of arsenic trioxide (As,Os3) in acute promyelocytic leukemia (APL) treatment, other non-APL
leukemias, such as chronic myeloid leukemia (CML), are less sensitive to As,Oz treatment. However, the underlying
mechanism is not well understood. Here we show that relative As,Os-resistant K562 cells have significantly lower ROS levels
than As,03-sensitive NB4 cells. We compared the expression of several antioxidant enzymes in these two cell lines and
found that peroxiredoxin 1/2/6 and catalase are expressed at high levels in K562 cells. We further investigated the possible
role of peroxirdoxin 1/2/6 and catalase in determining the cellular sensitivity to As,Os. Interestingly, knockdown of
peroxiredoxin 1/2/6 did not increase the susceptibility of K562 cells to As,Os;. On the contrary, knockdown of catalase
markedly enhanced As,Os-induced apoptosis. In addition, we provide evidence that overexpression of BCR/ABL cannot
increase the expression of PRDX 1/2/6 and catalase. The current study reveals that the functional role of antioxidant
enzymes is cellular context and treatment agents dependent; targeting catalase may represent a novel strategy to improve
the efficacy of As,05 in CML treatment.

Citation: Song L-L, Tu Y-Y, Xia L, Wang W-W, Wei W, et al. (2014) Targeting Catalase but Not Peroxiredoxins Enhances Arsenic Trioxide-Induced Apoptosis in K562
Cells. PLoS ONE 9(8): €104985. doi:10.1371/journal.pone.0104985

Editor: Persio Dello Sbarba, Universita degli Studi di Firenze, Italy
Received March 19, 2014; Accepted July 16, 2014; Published August 12, 2014

Copyright: © 2014 Song et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
Supporting Information files.

Funding: This work was supported in part by grants from National Basic Research Program of China (973 Program) (NO. 2010CB912104), National Natural Science
Foundation of China (91313303, 81272886, 31100980), Science and Technology Committee of Shanghai (11JC1406500), Shanghai Talent Development Project of
Shanghai Human Resource and Social Security Bureau. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* Email: smollyxu@126.com (HZX); wuyingli@shsmu.edu.cn (YLW)

@ These authors contributed equally to this work.

Introduction results from the t(15;17) chromosome translocation [l11-14].
Interestingly, AsyOs can also induce the degradation of BCR/
ABL [15-16], the pivotal oncogenic fusion protein in CML, which
- ! ' arises from the t(9;22) chromosome translocation [17]. Targeting
arsemtff), has been u.?e.d for the treatment tgf Chrontlhc my6191d inhibition of BCR/ABL kinase activity by Gleevec induces cell
leukemia (GML), syphilis, ulcer, etc. in the 18. .and 19 cer}turles death in CML cells and remission in CML patients [18]. Despite
[2]. However, due to the concerns about toxicity and carcinoge- of this, APL cells are more sensitive to As,Os-induced cell death

mucity, the medical use of A?QOB was discontinued, After the than CML cells, indicating that other factors, beyond these two
discovery that AsyOs is an efficient drug for the treatment of acute . - . g
S oncoproteins, may responsible for their sensitivity to AsyOs.

promyelocytic leukemia (APL), As,O3 was reintroduced in current In this study, we found that the AsyOs-resistant K562 cells have

th ti epts [3-4]. .
erapeutic coneepts [3-4] a much lower level of ROS than the AsyOj3-sensitive NB4 cells. In
Accumulating reports have demonstrated that AsyOs can .. .
addition, several antioxidant enzymes, such as catalase and

interfere with a variety of cellular processes by targeting numerous . . : . _
Y P Y targeting peroxiredoxin, are expressed at high levels in K562 cells. We

different intracellular molecules, thereby disrupting key signal .. . .
. . ) Liereby phng key sig have further demonstrated that it is catalase, but not peroxiredoxin
transduction mechanisms and resulting in cell death. For instance,

generation of reactive oxygen species (ROS) [5], activation of JNK
[6], inhibition of NF-xB [7], inhibition of angiogenesis [8], and
down-regulation of telomerase [9], Bcl-2 [10], have been shown to
contribute to AsyOs-induced cell death. These findings emphasize
the importance of understanding how the difference in cell type or
cellular environment might affect the actions of AsyOs.

The anti-APL activity of As;O3 has been mainly attributed to
the degradation of the fusion oncoprotein PML-RARoe, which

AsyOj3 has long been used therapeutically in China and in the
Western World [1]. For example, Fowler solution (potassium

that plays a pivotal role in determining the cellular sensitivity to
AsyOj3 and the up-regulated expression of catalase and peroxir-
edoxin was BCR/ABL independent. This study reveals that the
functional role of antioxidant enzymes is cellular context
dependent and catalase targeting compounds may be used in
combination with As,O3 in CML treatment.
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Materials and Methods

Cell culture

The ATRA-sensitive APL cell line, NB4, was obtained from Dr.
Michel Lanotte (Hospital Saint Louis, Paris, France) [19]. The
chronic myelogenous leukemia derived K562 cells were obtained
from ATCC. 32DMYR! (2 murine IL-3-dependent myeloid cell
line transformed with empty retroviral Mig vector) and 32DPR/
ABL (39D cells transformed to overexpress p210BCR/ABL) cells
were established as previously described [20]. Cells were grown in
RPMI-1640 (Bio-Whittaker Europe, Verviers, Belgium), supple-
mented with 10% fetal calf serum (FCS, EuroClone, Life Science
Division, Milan, Italy) at 37°C in a humidified atmosphere of 5%
CO,. The parental cell line 32D, 32DM“®! culture medium was
supplemented with 1 U/mL recombinant mouse interleukin 3 (IL-
3) (Strathmann Biotec, Hamburg, Germany). 32DPR/ABL cclj
are growth factor-independent. ATRA and arsenic trioxide
(As9O3) were purchased from Sigma-Aldrich (St Louis, MO). A
100 mmol/L stock solution of As;O3 was obtained by dissolving
As9Og3 in 1 mol/L NaOH and dilution in H,O.

Determination of cellular proliferation and apoptosis
The total number of cells and cell viability were determined by
the trypan blue exclusion test (Sigma). Apoptotic cells in the
populations were measured with a FACScan flow cytometer
(Becton-Dickinson, San Jose, CA, USA) with the Annexin V
FLUOS Apoptosis detection kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to manufacturer’s instruction.

Detection of intracellular ROS

The oxidation-sensitive fluorescent probe dye, 2’,7'-dichlorodi-
hydrofluorescein diacetate (DCF-DA, Invitrogen Molecular
Probes, Eugene, OR) was used to measure the intracellular
ROS concentration. DCF-DA is deacetylated intracellularly by
nonspecific esterases and is further oxidized by cellular peroxides
to the fluorescent compound 2',7'-dichlorofluorescein. Briefly,
cells treated with AsyO3 or untreated cells were washed with
phosphate buffered saline (PBS) and incubated with 20 uM DCF-
DA at 37°C for 30 min according to the manufacturer’s
instructions. The fluorescence signals were detected by a FACScan
flow cytometer (Becton-Dickinson). For each sample, 5,000 or
10,000 events were collected. Hydrogen peroxide levels were
expressed in terms of mean fluorescence intensity.

RNA Interference and Transfection

Pairs of complementary oligonucleotides (Table S1) against
PRDX 1, PRDX 2, PRDX 6, catalase, and non-target control
shRNA (NC) were synthesized by Sangon Biotech (Shanghai,
China), annealed, and ligated into the PSIREN-RetroQ) Vector
(Clontech Laboratories, Inc., CA, USA), respectively. The
shRNA-carrying retroviruses, which were produced in 2931 cells,
were used to infect K562 cells.

Western Blot Analysis

Cells were washed with PBS and lysed with lysis buffer
(62.5 mM Tris-HCI, pH 6.8, 100 mM DTT, 2% SDS, 10%
glycerol). Cell lysates were centrifuged at 20, 000 g for 10 min at
4°C, and proteins in the supernatants were quantified. Protein
extracts were equally loaded onto an 8% to 14% SDS-
polyacrylamide gel, electrophoresed, and transferred to nitrocel-
lulose membrane (Amersham Bioscience, Buckinghamshire, UK).
The blots were stained with 0.2% Ponceau S red to ensure equal
protein loading. After blocking with 5% nonfat milk in PBS, the
membranes were probed with antibodies against poly (ADP
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[adenosine diphosphate]-ribose) polymerase (PARP; 1:500; Santa
Cruz Biotech, Santa Cruz, CA), PRDX 1, PRDX 2, PRDX 3,
PRDX 4, PRDX 5, PRDX 6, and Sirtl (1:1000; Santa Cruz
Biotech), and followed by horseradish peroxidase (HRP)-linked
secondary antibodies (Cell Signaling). The signals were detected
by Chemiluminescence phototype-HRP kit (Cell Signaling)
according to manufacturer’s instructions. As necessary, blots were
stripped and re-probed with anti-actin or anti-tubulin antibodies
(Oncogene, Fremont, CA) as an internal control. The signal
intensity of the bands was quantified using Quantity One Version
4.4.0 (Bio-Rad). All experiments were repeated three times.

Statistical Analysis

Student’s t-test was used to evaluate the difference between the
two different treatments. A p value of less than 0.05 was
considered statistically significant.

Results

K562 cells are more resistant to As,O5 treatment and
have lower ROS levels than NB4 cells

The human K562 cell line was established from a chronic
myelogenous leukemia patient that expresses the BCR/ABL
fusion gene. The NB4 cell line was established from an acute
promyelocytic leukemia patient that expresses the PML-RARo
fusion protein. To compare the sensitivity of K562 and NB4 cells
to As9Os, both cell lines were treated with 2 uM AsyOs, a
clinically relevant concentration, for 24 and 48 h. As shown in
Figure 1A, an increased percentage of annexin V positive cells was
observed in NB4 cells compared to K562 cells (Figure 1A).
Accordingly, increased activation of caspase-3 and cleavage of
PARP1 was observed in NB4 cells (Figure 1B). Because the
effectiveness of AsoO3 has been attributed to the induction of ROS
[21], we examined the ROS levels in NB4 and K562 cells. Indeed,
As,O3 treatment increases the ROS levels in both cell lines in a
dynamic manner. As shown in Figure 1C, AsyO5 treatment led to
elevation of ROS in K562 cells as early as 3 h, peaked at 12 h,
and then gradually decreased to the basal level at 48 h. Similar
changes were observed in NB4 cells. Interestingly, the basal level
of ROS in K562 cells is much lower than that in NB4 cells
(4.77%0.15 vs. 15.68%0.92, p<0.05) (Figure 1C). These data
suggest that the relative resistant to AsyOj5 treatment in K562 cells
may be due to its ability to maintain a reduction status.

Differential expression of peroxiredoxin and catalase in
K562 and NB4 cells

The homeostasis of redox status in cells is primarily controlled
by antioxidant enzymes, such as catalase, glutathione peroxidase 1
(GPx), and PRDXs [22]. To examine whether the lower level of
ROS observed in K562 cells was associated with these proteins, we
compared their protein levels in K562 and NB4 cells. Peroxir-
edoxins (PRDXs) are highly conserved proteins, which include 6
family members, and function primarily to scavenge hydrogen
peroxide (HoOy) [22]. Interestingly, four of six PRDX family
members, PRDX 1/2/3/6, showed differential expression in
K562 and NB4 cells. As shown in Figure 2A-B, PRDX 1/2/6
were up-regulated and PRDX 3 was down-regulated. Moreover,
catalase was also up-regulated in K562 cells (Figure 2C, D). No
significant difference in GPx was observed (Figure 2C, D). These
data indicate that PRDXs and catalase might play a role in
determining the ROS levels and cellular sensitivity to AsyO3 in
K562 cells.
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Figure 1. K562 cells have lower ROS levels and are more
resistant to As,O; treatment than NB4 cells. (A, B) K562 and NB4
cells were treated with As,O3 (2 uM) for 24 or 48 h, and the cell viability
was determined by annexin V/PI staining (A), the indicated proteins
were determined by western blot (B). All values represent means with
bar as S.D. of three independent experiments, each of which with
triplicate samples. (**p<<0.01, compared to controls). (C) Untreated and
As,Os-treated K562 and NB4 cells were stained with DCF-DA, the level
of ROS was determined by FACS. All values represent means = S.D. of
three independent experiments.
doi:10.1371/journal.pone.0104985.g001
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control shRNA (K562V%) were stably transfected into K562 cells.
As shown in Figure 3A, protein levels of PRDX 1, but not PRDX
2 or PRDX 6, were specifically down-regulated by shRNA against
PRDX 1. Similarly, PRDX 2 (Figure 3B) and PRDX 6
(Figure 3C) were also specifically silenced. We next determined
the effect of PRDX 1/2/6 knockdown on ROS levels in K562
cells. However, PRDX 1/2/6 knockdown did not significantly
increase the ROS levels in K562 cells (Figure 3D-F). Next, these
cells were treated with AsyO3 for 24 and 48 h. Compared with
K5627 cells, no significant changes in the percentages of annexin
V positive cells were observed in K562 PFRDX 1 K 56shPRDX 2
K562PRPX 6 cells (Figures 3G-1). These results suggest that
PRDX 1/2/6 may not play an important role in determining the
sensitivity of K562 cells to AsyOs.

Knockdown of catalase increases the cellular sensitivity
to A5203

We next investigated the possible role of catalase in the cellular
sensitivity to AssOs3. To this end, non-specific shiRNA and specific
shRNA against catalase were transfected into K562 cells. As
shown in Figure 4A, catalase was specifically knocked down in
K562 cells (K562%' and K562%%). Compared with K35627¢
knockdown of catalase did not directly induce apoptosis; however,
sensitized K562 cells to AsyO3 induced apoptosis, as evidenced by
the significant increase in the percentage of annexin V positive
cells (Figure 4B, p<<0.05). To determine the role of ROS in the
catalase knockdown induced sensitization of K562 cells to AsoOs,
the ROS levels in K562N¢, K562°, and K56252 cells treated with
or without AsyOs were determined by DCF-DA staining. As
shown in Figure 4C, compared with K562, silencing of catalase

r oNB4
K562

7
4

7

7

7777727272277

%

15

N
o

to c-tubulin

o
(3]

Figure 2. Differential expression of several antioxidant enzymes. K562 and NB4 cells were lysed and subjected to western blot. The
indicated proteins were determined by western blot (A, C). The signal intensity of the indicated proteins against a-tubulin was quantified by Quantity
One (B, D). All values represent means with bar as S.D. of three independent experiments. *p<<0.05, compared to NB4 cells.

doi:10.1371/journal.pone.0104985.9g002
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Figure 3. Knockdown of PRDX 1, 2, and 6 does not alter As,0s-induced apoptosis in K562 cells. (A-F) ShRNA against PRDX 1 (A), PRDX 2
(B), PRDX 6 (C) or non-specific ShRNA were stably transfected into K562 cells, and the indicated proteins were examined by western blot (A-C), and
the level of ROS (mean = S.D.) was determined by FACS (D-F). Thereafter, the cells were treated with As,O3 for 24 or 48 h. Cell viability was
determined by annexin V/PI staining (G-I). All values represent means with bar as S.D. of three independent experiments.
doi:10.1371/journal.pone.0104985.9g003
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Figure 4. Knockdown of catalase enhances As,Os-induced apoptosis. (A, B) ShRNA against catalase or non-specific ShRNA was stably
transfected into K562 cells (NC for K562, S1 for K562°", 52 for K562°2), the indicated proteins were determined by western blot (A). Thereafter, the
cells were treated with As,Os for 24 and 48 h, and the cell viability was determined by annexin V/PI staining (B). (C, D) The indicated cells were treated
with As,Os in the presence or absence of DTT (0.2 mM), then the level of ROS (12 h) was determined by FACS (C) and the cell viability (24 h) was
determined by annexin V/PI staining (D). All values represent means with bar as S.D. of three independent experiments. (*p<<0.05, #p<0.05).
doi:10.1371/journal.pone.0104985.g004
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Figure 5. Overexpression of BCR/ABL on the expression of
some antioxidant proteins. (A, B) 32D cells were stably transfected
with BCR/ABL or the empty vector and the indicated proteins were
examined by western blot. All experiments were repeated three times.
doi:10.1371/journal.pone.0104985.9g005

could increase the ROS levels in K562°', and K562% cells (p<
0.05), which was further enhanced by AsyOj treatment. In the
presence of DTT, a ROS scavenger, AsyOs-induced ROS
increasing was abrogated. Accordingly, DT'T could significantly
inhibit AseOjs-induced cell death in K5627¢, K562°!, and K562°2
cells (Figure 4D, p<<0.053). These data suggest that catalase plays a
critical role in determining the sensitivity to AsoO3 in K562 cells
through a ROS dependent manner.

Effect of BCR/ABL on the expression of differential
proteins

It has been established that ectopic expression of BCR/ABL in
32D cells, a murine IL-3-dependent myeloid cell line, results in
resistance to apoptosis [23]. To determine whether the differential
expression of antioxidant proteins observed between K562 and
NB4 cells are due to the expression of BCR/ABL, we transfected a
BCR/ABL plasmid into 32D cells and examined its effect on the
expression of PRDX 1/2/3/6, catalase and Sirtl, a reported
BCR/ABL up-regulated protein, by western blot analysis. As
shown in Figure 5, except the up-regulation of Sirtl, protein levels
of PRDX 1/2/3/6 and catalase were not altered by overexpres-
sion of BCR/ABL. These data suggest that the relatively higher
expression of PRDXs and catalase observed in K562 cells is not
directly related to overexpression of BCR/ABL.

Discussion

K562 cells have a lower level of ROS than NB4 cells and it has
been demonstrated that ROS has been linked with the toxicity of
AsyOs. In order to identify the possible factors determining the
differential sensitivity to AsyOs we examined the expression of
several antioxidant enzymes in both cell lines. We demonstrated
that catalase, but not PRDX family members, play an important
role in determining the cellular susceptibility to AsyOg in K562
cells. We propose that targeting catalase may present a promising
strategy to improve the efficacy of As;O5 in the treatment of CML.

PRDXs are a family of 6 ubiquitous peroxidases that reduce
peroxides and their major functions, including protection against
oxidative stress, induction of cell signaling and proliferation [24—
25]. Aberrant high expression of PRDXs has been found in
various kinds of cancers and contributes to chemotherapy or
radiotherapy resistance [25-26]. However, their roles in leukemia
are not well understood. PRDX proteins have variable expression

PLOS ONE | www.plosone.org

Catalase but Not Peroxiredoxins Enhances Apoptosis in K562 Cells

levels in leukemia, suggesting disparity in functional significance
depending on the cellular context. For example, PRDX 2
induction in Molt-4 cells was protective against apoptosis induced
by etoposide treatment [27]; however, forced PRDX 2 expression
could also result in decreased leukemogenesis in a transplantation
AML mouse model [28]. Although it is known that oxidative stress
induced by AsyOj3 play an important role in its cytotoxicity, the
relationship between PRDXs and AsyOj sensitivity in leukemia
cells has not been extensively studied [21]. In this work, higher
expression of PRDX 1/2/6 and lower expression of PRDX 3 was
observed in K562 cells compared to NB4 cells. As PRDX 1 can
interact with BCR/ABL, and elevation of PRDX 1 has been
observed in CML, we postulated that the higher expression of
PRDX 1 in K562 cells may confer resistance to AsyOs.
Unexpectedly, knockdown of PRDX 1 did not sensitize the
K562 cells to AsyOs treatment. Similarly, knockdown of PRDX
2/6 did not sensitize the K562 cells to Asy,Og treatment, either.
These results emphasize that the functional role of PRDXs is
cellular context and treatment agent dependent. Consistent with
this concept, we recently demonstrated knockdown of PRDX 1/2
can induce differentiation in NB4 cells [29]. Vivas-Mejia et al.
found that down-regulation of PRDX3 resulted in increased
sensitivity to AsyOg in NB4 cells [30]. Taken together, these data
suggest that PRDX 1/2/6 may not play an important role in
AsyOgs-induced cell death in K562 cells. Further studies are
needed to elucidate a definite role of PRDXs in different kinds of
leukemias.

Catalase can protect cells from the accumulation of hydrogen
peroxide through decomposition of hydrogen peroxide into water
and oxygen. However, overexpression of catalase does not
necessary result in cell resistance to chemotherapy. For example,
Sperana et al. demonstrated that catalase overexpressing cells are
sensitized to bleomycin and paraquat exposure [31]. They
proposed that catalase may be beneficial or harmful in different
cell lines. Indeed, both overexpression and suppression of catalase
have been observed in leukemia cells. Despite several reports
showing that catalase also confers resistance to AsyO3 in AML cells
[30,32-33], it is not known whether catalase plays an important
role in AsyOs-induced cell death in CML cells. In contrast to
PRDXS5, depletion of catalase markedly enhances AsyOs-induced
apoptosis, indicating that catalase play a critical role in AsyOs3-
induced apoptosis in K562 cells. Combined our results with a
previous report, which demonstrated high catalase activity in
circulating cells from untreated CML [34], we propose that
targeting catalase may improve the efficacy of AsyO3 in CML
cells.

In addition to directly phosphorylating its downstream sub-
strates, BOCR/ABL can transcriptionally activate several survival
factors, such as Sirt1 [35]. Thus, the differential expressed proteins
observed might be related to the expression of BCR/ABL.
However, except for Sirtl, the protein levels of the PRDXs and
catalase were not altered by overexpression of BCR/ABL. As
K562 cells were established from a CML patient in blast crisis, the
high expression of redox enzymes might due to other BCR/ABL
independent secondary alterations. Thus, targeting these non-
BCR/ABL regulated proteins in combination with BCR/ABL
targeting agents, such as AsyOj or imatinib, may represent a novel
strategy to treat CML.

In conclusion, we provide evidence that the peroxiredoxin
protein may not play an essential role in determining the cellular
susceptibility to AsyOs, while targeting catalase may greatly
enhance the efficacy of As;O3 in CML therapy.

August 2014 | Volume 9 | Issue 8 | 104985



Supporting Information

Table S1 Sequences for shRNA plasmids construction.
(DOC)

Acknowledgments

We would like to thank Hanyi Zhuang for her reading and editing.

References

1.

2.

o

. Lallemand-Breitenbach V, Zhu J, Chen Z, de The H (2012)

Waxman S, Anderson KC (2001) History of the development of arsenic
derivatives in cancer therapy. Oncologist 6 Suppl 2: 3-10.

Kwong YL, Todd D (1997) Delicious poison: arsenic trioxide for the treatment
of leukemia. Blood 89: 3487-3488.

. Wang ZY, Chen Z (2008) Acute promyelocytic leukemia: from highly fatal to

highly curable. Blood 111: 2505-2515.

Shen ZX, Chen GQ, Ni JH, Li XS, Xiong SM, et al. (1997) Use of arsenic
trioxide (AsyOs) in the treatment of acute promyelocytic leukemia (APL): II.
Clinical efficacy and pharmacokinetics in relapsed patients. Blood 89: 3354—
3360.

. Dai J, Weinberg RS, Waxman S, Jing Y (1999) Malignant cells can be sensitized

to undergo growth inhibition and apoptosis by arsenic trioxide through
modulation of the glutathione redox system. Blood 93: 268-277.

. Eguchi R, Fujimori Y, Takeda H, Tabata C, Ohta T, et al. (2011) Arsenic

trioxide induces apoptosis through JNK and ERK in human mesothelioma cells.
J Cell Physiol 226: 762-768.

. Kapahi P, Takahashi T, Natoli G, Adams SR, Chen Y, et al. (2000) Inhibition of

NF-kappa B activation by arsenite through reaction with a critical cysteine in the

activation loop of Ikappa B kinase. J Biol Chem 275: 36062-36066.

. Roboz GJ, Dias S, Lam G, Lane W], Soignet SL, et al. (2000) Arsenic trioxide

induces dose- and time-dependent apoptosis of endothelium and may exert an
antileukemic effect via inhibition of angiogenesis. Blood 96: 1525-1530.

. Wang X, Wang G, Dong D, Fu S, Yang B (2008) Inhibition on LS-174T cell

growth and activity of telomerase in vitro and in vivo by arsenic trioxide. Exp

Toxicol Pathol 60: 481-488.

. Akao Y, Mizoguchi H, Kojima S, Naoe T, Ohishi N, et al. (1998) Arsenic

induces apoptosis in B-cell leukaemic cell lines in vitro: activation of caspases
and down-regulation of Bcl-2 protein. Br J Haematol 102: 1055-1060.

. Chen GQ, Zhu J, Shi XG, Ni JH, Zhong H]J, et al. (1996) In vitro studies on

cellular and molecular mechanisms of arsenic trioxide (As;O3) in the treatment
of acute promyelocytic leukemia: AsyOs3 induces NB4 cell apoptosis with
downregulation of Bcl-2 expression and modulation of PML-RAR alpha/PML
proteins. Blood 88: 1052-1061.

“uring APL
through PML/RARA degradation by As,Og. Trends Mol Med 18: 36-42.

. Jeanne M, Lallemand-Breitenbach V, Ferhi O, Koken M, Le Bras M, et al.

(2010) PML/RARA oxidation and arsenic binding initiate the antileukemia
response of AsyOs. Cancer Cell 18: 88-98.

. Zhang XW, Yan X]J, Zhou ZR, Yang FF, Wu ZY, et al. (2010) Arsenic trioxide

controls the fate of the PML-RARalpha oncoprotein by directly binding PML.
Science 328: 240-243.

. Nimmanapalli R, Bali P, O’Bryan E, Fuino L, Guo F, et al. (2003) Arsenic

trioxide inhibits translation of mRNA of ber-abl, resulting in attenuation of Ber-
Abl levels and apoptosis of human leukemia cells. Cancer Res 63: 7950-7958.

. Goussetis DJ, Gounaris E, Wu EJ, Vakana E, Sharma B, et al. (2012)

Autophagic degradation of the BCR-ABL oncoprotein and generation of
antileukemic responses by arsenic trioxide. Blood 120: 3555-3562.

. Deininger MW, Goldman JM, Melo JV (2000) The molecular biology of chronic

myeloid leukemia. Blood 96: 3343-3356.

. Moen MD, McKeage K, Plosker GL, Siddiqui MA (2007) Imatinib: a review of

its use in chronic myeloid leukaemia. Drugs 67: 299-320.

PLOS ONE | www.plosone.org

Catalase but Not Peroxiredoxins Enhances Apoptosis in K562 Cells

Author Contributions

Conceived and designed the experiments: YLW HZX LLS. Performed the
experiments: LLS YYT LX CMM HL. Analyzed the data: YLW LLS LX
WW. Contributed reagents/materials/analysis tools: DHW WWW WW.
Contributed to the writing of the manuscript: YLW LLS HZX.

20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

32.

33.

34.

. Lanotte M, Martin-Thouvenin V, Najman S, Balerini P, Valensi F, et al. (1991)

NB4, a maturation inducible cell line with t(15;17) marker isolated from a
human acute promyelocytic leukemia (M3). Blood 77: 1080-1086.

Wei W, Huang H, Zhao S, Liu W, Liu CX, et al. (2013) Alantolactone induces
apoptosis in chronic myelogenous leukemia sensitive or resistant to imatinib
through NF-kappaB inhibition and Bcr/Abl protein deletion. Apoptosis 18(9):
1060-1070.

Chou WC, Dang CV (2005) Acute promyelocytic leukemia: recent advances in
therapy and molecular basis of response to arsenic therapies. Curr Opin
Hematol 12: 1-6.

Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) homeostasis
and redox regulation in cellular signaling. Cell Signal 24: 981-990.

Laneuville P, Timm M, Hudson AT (1994) ber/abl expression in 32D cl3(G)
cells inhibits apoptosis induced by protein tyrosine kinase inhibitors. Cancer Res
54: 1360-1366.

Poole LB, Hall A, Nelson KJ (2011) Overview of peroxiredoxins in oxidant
defense and redox regulation. Curr Protoc Toxicol Chapter 7: Unit7 9.

Liu CX, Zhou HC, Yin QQ, Wu YL, Chen GQ (2013) Targeting
peroxiredoxins against leukemia. Exp Cell Res 319: 170-176.

Nystrom T, Yang J, Molin M (2012) Peroxiredoxins, gerontogenes linking aging
to genome instability and cancer. Genes Dev 26: 2001-2008.

Zhang P, Liu B, Kang SW, Seo MS, Rhee SG, et al. (1997) Thioredoxin
peroxidase is a novel inhibitor of apoptosis with a mechanism distinct from that

of Bcl-2. J Biol Chem 272: 30615-30618.

. Agrawal-Singh S, Isken F, Agelopoulos K, Klein HU, Thoennissen NH, et al.

(2012) Genome-wide analysis of histone H3 acetylation patterns in AML
identifies PRDX2 as an epigenetically silenced tumor suppressor gene. Blood
119: 2346-2357.

Liu CX, Yin QQ, Zhou HC, Wu YL, Pu JX, et al. (2012) Adenanthin targets
peroxiredoxin I and II to induce differentiation of leukemic cells. Nat Chem Biol
8: 486-493.

Vivas-Mejia PE, Ozpolat B, Chen X, Lopez-Berestein G (2009) Downregulation
of the ¢-MYC target gene, peroxiredoxin III, contributes to arsenic trioxide-
induced apoptosis in acute promyelocytic leukemia. Int J Cancer 125: 264-275.
Speranza M]J, Bagley AC, Lynch RE (1993) Cells enriched for catalase are
sensitized to the toxicities of bleomycin, adriamycin, and paraquat. J Biol Chem
268: 19039-19043.

Coe E, Schimmer AD (2008) Catalase activity and arsenic sensitivity in acute
leukemia. Leuk Lymphoma 49: 1976-1981.

Binet F, Cavalli H, Moisan E, Girard D (2006) Arsenic trioxide (AT) is a novel
human neutrophil pro-apoptotic agent: effects of catalase on AT-induced
apoptosis, degradation of cytoskeletal proteins and de novo protein synthesis.
Br J Haematol 132: 349-358.

Juul T, Malolepszy A, Dybkaer K, Kidmose R, Rasmussen JT, et al. (2010) The
in vivo toxicity of hydroxyurea depends on its direct target catalase. ] Biol Chem
285: 21411-21415.

. Yuan H, Wang Z, Li L, Zhang H, Modi H, et al. (2012) Activation of stress

response gene SIRTI by BCR-ABL promotes leukemogenesis. Blood 119:
1904-1914.

August 2014 | Volume 9 | Issue 8 | 104985



