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Abstract

Arsenic trioxide (As;03) is used, in current practice, as an effective chemotherapeutic agent for acute
promyelocytic leukemia (APL). However, the side effects and relatively low efficacy of As,O5 in treating other
leukemias have limited its wider use in therapeutic applications. In the present study, we found that the
expression of carbonyl reductase 1 (CBR1) affects the resistance to As,03 in leukemias, including APL; As,05
upregulated CBR1 expression at the transcriptional level by stimulating the activity of the transcription factor
activator protein-1. Moreover, CBR1 overexpression was sufficient to protect cells against As,O; through
modulation of the generation of reactive oxygen species, whereas the attenuation of CBR1 was sufficient to
sensitize cells to As,O3. A combination treatment with the specific CBR1 inhibitor hydroxy-PP-Me remarkably
increased As,Os-induced apoptotic cell death compared with As,O3 alone, both in vitro and in vivo. These results
were confirmed in primary cultured human acute and chronic myeloid leukemia cells, with no significant cell
death observed in normal leukocytes. Taken together, our findings indicate that CBR1 contributes to the
low efficacy of As,03 and, therefore, is a rational target for the development of combination chemotherapy with
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As,03 in diverse leukemias including APL. Cancer Res; 72(16); 4214-24. ©2012 AACR.

Introduction

Carbonyl reductase 1 (CBR1) is a ubiquitous NADPH-depen-
dent enzyme belonging to the short-chain dehydrogenase/
reductase family (1). This enzyme catalyzes a significant
number of biologically and pharmacologically active sub-
strates, including a variety of endogenous and xenobiotic
carbonyl compounds (2). The best substrates of CBR1 are
quinones, including ubiquinone-1 and tocopherolquinone
(vitamin E). Ubiquinone (coenzyme Q) is a constitutive factor
in the respiratory chain, and tocopherolquinone protects the
lipids of biological membranes against lipid peroxidation,
indicating that CBR1 plays an important role as an oxida-
tion-reduction catalyst in cellular processes (3). Moreover,
CBR1 inactivates highly reactive lipid aldehydes, such as
4-oxonon-2-enal (ONE), 4-hydroxynon-2-enal (HNE), and acro-
lein, which are able to modify proteins and capable of pro-
ducing DNA damage within cells (4). Further, overexpression of
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human CBR1 in NIH3T3 cells provides protection from reac-
tive oxygen species (ROS)-induced cellular damage (5), which
supports CBR1 as a major contributor to the control of
oxidative stress.

Oxidative stress can regulate gene expression by activating
several transcription factors (6), including the redox-sensitive
activator protein-1 (AP-1). As a heterodimeric protein, AP-1 is
composed of subunits belonging to the Fos (c-Fos, FosB, Fral,
and Fra2), Jun (c-Jun, JunB, and JunD), and activating tran-
scription factor families (7). AP-1 regulates gene expression by
binding to the DNA sequence at specific AP-1 binding sites.
Further, AP-1 activity is partially regulated through the phos-
phorylation of its various subunits. Importantly, the transcrip-
tional activity of c-Jun is increased through phosphorylation by
the Jun NH2-terminal kinases (JNK)/stress-activated protein
kinases, which are strongly stimulated by oxidative stress (8).
Therefore, AP-1 is known to be important in the regulation of
gene expression by oxidative stress.

As,05 has been reported to be an effective therapeutic agent
in both newly diagnosed and relapsed patients with acute
promyelocytic leukemia (APL) (9-12). This success has
prompted an interest in the molecular mechanisms of action
underlying the clinical effectiveness of this cytotoxic agent.
Previous studies have shown that As,O5 induces apoptosis and
partial differentiation in leukemic promyelocytes (13, 14). The
susceptibility of cells to undergo apoptosis in the presence of
As,03 appears to be dependent on the intracellular redox
homeostasis. In particular, the effectiveness of As,05 in leading
to apoptosis is associated with an increased generation
of intracellular ROS in the presence of this cytotoxic agent
(15, 16). The therapeutic potential of As,03 is not restricted
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to APL cells. The ability of As,O5 to induce cell death has
been observed in other malignant cells, including non-APL
acute myeloid leukemia cells, myeloma cells, and chronic
myeloid leukemia cells, as well as various solid tumor cells
in vitro (17-19).

However, the clinical application of As,0j is limited in other
types of leukemia because of their low susceptibility to it (20,
21). Moreover, As,03 can have resultant side effects or later
repercussions in patients with APL (22). Therefore, a strategy
to enhance the efficacy of As,03 is required to enable itsuseina
wide variety of medical applications and to reduce its side
effects. In this article, we report that the upregulation of CBR1
by As,O3 renders leukemia cells resistant to apoptosis. Further,
we show that the combination of a CBR1 inhibitor with As,04
substantially increases apoptotic cell death and inhibits tumor
growth relative to As,0O3 alone in vitro and in vivo. In addition,
we show a synergistic cytotoxic effect in a combination treat-
ment on primary leukemia cells.

Materials and Methods

Cell culture

Human myeloid leukemia cell lines (U937, K562, HL-60, and
NB4) were obtained from the Korean Cell Line Bank (Seoul,
Korea). All of the cell lines were regularly passaged and rou-
tinely mycoplasma-tested and genotyped (AmpFISTR Identi-
filer Kit; Applied Biosystems) to verify their identity. Cell lines
were grown in RPMI-1640 medium supplemented with 10%
FBS, 100 units/mL penicillin, and 100 pug/mL streptomycin.
Primary leukemia cells were obtained from bone marrow
samples of patients with newly diagnosed AML or CML. Mono-
nuclear cells were isolated by Ficoll density-gradient centrifu-
gation and were at least 80% or higher malignant cells. The
isolation of CD34-positive cells from normal bone marrow was
conducted using the immunomagnetic microbead method.

Real-time quantitative reverse transcriptase PCR
analysis

The real-time quantitative reverse transcriptase PCR
(QRT-PCR) was carried out by using SYBR Green PCR
Master Mix (Applied Biosystems) and the ABI PRISM 7300
real-time PCR system (Applied Biosystems), according to the
manufacturer’s instructions. Based on the 24" method
(23), calculations were done using the following equation:
R (ratio) = 2~ 1ACr = ACt] The integrity of the amplified
DNA was confirmed by determining the melting temperature.
The data were expressed as the fold changes in the treatment
groups in relation to the control groups and were normalized
to GAPDH levels. The primer sequences were designed by
Primer 3 and UCSC In-Silico PCR and were as follows: CBR1
forward, 5-AACAAGTTTGTGGAAGGATACAAAGAAGGGA-
3’; CBRI reverse, 5-TGTTCAACTCCTTCTCTGAAACAAAT-
TGTC-3'; GAPDH forward, 5-TGACCACAGTCCATGCCAT-
3'; GAPDH reverse, 5'-TTCTAGACGGCAGGTCAGGT-3'.

Electrophoretic mobility shift assay
Electrophoretic mobility shift assay was conducted as des-
cribed previously (24) using the following oligonucleotides:

CBR1/WT, 5-GATGCCTGTTGACCCACTCCTCTTC-3’; CBR1/
Mutant, 5-GATGCCTGTTGGTCCACTCCTCTTC-3'.

Chromatin immunoprecipitation

Conventional chromatin immunoprecipitation (ChIP) assay
was conducted as described previously (25). Cross-linked U937
chromatin was subjected to immunoprecipitation with anti-
bodies against p-c-Jun and p-c-Fos. The primers used in
the PCR to detect AP-1 protein binding to the CBR1 promoter
were as follows: forward, 5-TGGAAAATCAGACACCAGACC-
CCTCAC-3'; reverse, 5'-GCAGGGAAGAAATGTAACTGCATG-
TGG-3'.

Lipid peroxidation assay

Lipid peroxidation was evaluated by measuring malondial-
dehyde (MDA) levels using the Thiobarbituric Acid Reactive
Substances Assay Kit (Enzo Life Sciences). The final MDA levels
were expressed as fold changes in the treatment groups rela-
tive to the control group.

Animals and xenograft model

Female athymic BALB/c nude mice (5-6 weeks old) were
purchased from Orient Bio, Inc. (Sungnam, Korea). The ani-
mals were placed in a pathogen-free environment and allowed
to acclimate for a week before being used in the study. The
experimental protocol [KRHUASP(SE)-10-018] was approved by
the Institutional Animal Care and Use Committee of Kyung
Hee University. U937 cells (2 x 107) were injected subcutane-
ously into the mice (n = 5 mice/group). The mice were then
injected intraperitoneally with 3-(7-isopropyl-4-(methyla-
mino)-7H-pyrrolo[2,3-d]pyrimidin-5yl)phenol (hydroxy-PP-
Me; 30 mg/kg), As,03 (5 mg/kg), or a combination of both
compounds once every 3 days. Tumor weights were calcu-
lated with the formula of (L x /2)/2, where L is the tumor
length and /is the tumor width, both of which were measured
with a set of calipers.

Immunohistochemistry

Small pieces of tumor tissues were fixed in 4% paraformal-
dehyde overnight and sectioned at a thickness of 6 wm. The
sections were incubated overnight at 4°C with a monoclonal
antibody against CBR1 (Imgenex). The immunostained speci-
mens were visualized using the Dako EnVision Detection Kit
(Dako).

In situ apoptosis assay

Tumor tissue samples from mice subjected to different
treatments were sectioned by using a cryostat and mounted
on silane-coated slides. The in situ apoptosis assay was con-
ducted by using the DeadEnd Colorimetric TUNEL System
(Promega). The positive apoptotic nuclei were stained dark
brown.

Statistical analysis

The results were expressed as the mean + SE of at least 3
independent experiments. The difference between 2 means
was analyzed with the Student's ¢ test and considered statis-
tically significant when P < 0.05. The cytotoxic combination
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effect of hydroxy-PP-Me with As,0; was calculated by using
CalcuSyn software (Biosoft).

Results

CBR1 is upregulated at the transcriptional level by As,03

To investigate whether CBR1 is induced by As,0, we first
conducted Western blot analysis on total cell lysates from the
leukemia cell lines following treatment with As,O5;. When cells
were treated with either 2 umol/L (U937, K562, and HL-60) or
0.5 umol/L (NB4) As,0s3, the CBRI protein levels were contin-
uously increased for up to 48 hours in a time-dependent
manner (2.8-fold for U937, 2.6-fold for K562, 3.0-fold for HL-

60, and 2.1-fold for NB4 cells; Fig. 1A). To confirm this result, we
conducted RT-PCR. The CBR1 mRNA levels showed a sub-
stantial 4- to 5-fold increase in the As,Os-treated cells (Fig. 1B).
A similar increase in the CBR1 mRNA levels was observed by
qRT-PCR (Fig. 1C).

For determining whether As,O; increased CBR1 mRNA
levels through mRNA stabilization or transcriptional activa-
tion, U937 cells were grown under As,O; treatment for 48 hours
and then incubated in the presence of actinomycin D (5 pug/mL)
with or without As,0s for an additional 12 hours. On the real-
time qRT-PCR results, similar decay rates were observed for the
CBRI mRNA levels under both conditions (Fig. 1D), indicating
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Figure 1. CBR1 is upregulated at
the transcriptional level by As2Os.
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confirmed by the gRT-PCR
analysis. Data represent mean +
SE,n =3.*, P<0.01 versus
untreated cells. D, decay rate of
CBR1 mRNA. Cells were treated
with 2 umol/L As,Oj3 for 48 hours
and then incubated in the presence

NB4

K562

O =~ N WwWwbhHh OO N O©
O =N W Hh 0O N

Relative CBR1 mRNA expression

Relative CBR1 mRNA expression

.

uo37

48 (h)

»)

O No treatment
W As,0,

level (fold of nontreatment)

= N W A OO0 O N

level (fold of nontreatment)

Relative CBR1 mRNA expression
Relative CBR1 mRNA expression

12 (h) Con

0 48 (h)

- of 5 ug/mL actinomycin D (Act. D)
with or without As,O3. The
expression levels of CBR1 mRNA
were analyzed by qRT-PCR
analysis. Data represent mean +
SE,n = 3. **, P <0.01 versus

K562

0O No treatment

W As,0, 0 hours in untreated cells; ##,
P < 0.01 versus 0 hours in As,03-
treated cells.

#

*k #
**##
0 1 6 12 (h)
Act. D
K562

Cancer Res; 72(16) August 15, 2012

Cancer Research

Downloaded from cancerres.aacrjournals.org on June 28, 2019. © 2012 American Association for Cancer Research.


http://cancerres.aacrjournals.org/
http://cancerres.aacrjournals.org/

Published OnlineFirst June 19, 2012; DOI: 10.1158/0008-5472.CAN-12-1110

CBR1 in As,0O3 Treatment

A

As,0, 0 12 24 36 48 (h) B C As;0, As,0,
Pl As,0; - + + 5 oy i
i E SPB00125 - - + SRNA @ & SiRNA & o
] i
Figure 2. CBR1 upregulation during p-c-Fos pc-Jun [N CJun - c-Fos -
exposure to AsO3 is mediated by — BR1 E BR1 -
AP-1 in leukemia cells. A, total cell c-Fos E CBR1 5 %
lysates were extracted from cells Actin g Actin - Actin -
treated with 2 umol/L As,O5 and Actin E

were subjected to Western blot
analysis. B, cells were pretreated D
with the JNK inhibitor SP600125 at
20 umol/L, and furtherincubated with
As, O3 for 48 hours. C, cells were
transfected with c-Jun and

c-Fos siRNAs and followed by
treatment with 2 umol/L As,O; for 48
hours. SC, scrambled siRNA. D,
luciferase reporter assay. The cells
were transfected with the luciferase
reporter constructs shown on the left
and then exposed to 2 umol/L As,Os3.
The relative luciferase activities are
expressed in comparison with the
activity of the pGL3-Basic construct.
Data are the mean + SEM from 6 E A
independent experiments. *, P <0.05 (\\@
versus pGL3-CBR1/1000 in As,O3- o
treated cells. E, nuclear extracts were WT + +
obtained from U937 cells treated Mutated - -
with As,O3, and then incubated with Cold
32p_jabeled wild-type (WT) and
mutated oligonucleotide probes. A
100-fold molar excess of unlabeled
WT probe (cold) was used for the
competitive study. F, a ChIP assay
was analyzed in U937 cells treated
with As,O3. Input, amplified CBR1
from a 1:100 dilution of total input
chromatin as a positive control;
immunoglobulin G (IgG),
immunoprecipitation with
nonspecific IgG as a negative
control.

CBR1 promoter

pGL3-basic

AP-1 —> ‘

—

-819

.

8 10No treatment
7 {MAs,0,

-

pGL3-CBR1/1,000 ———————([INE—
pGL3-CBR1/1,000M —-—m

Bl AP-i-binding site

Bl Site-direct mutagenesis of AP-1 site
(TGACCCA—TGGTCCA)

6 4
CBRA1

Luciferase

(fold of pGL3-basic)

o = N w b »

Relative luciferase activity

Input p-c-Jun p-c-Fos
A5203 = + = + = + = +

lgG

that As,03 induced an increase in CBR1 mRNA levels through
transcriptional activation rather than mRNA stabilization.

The CBR1 promoter is activated by AP-1

AP-1 is stimulated by diverse stimuli including oxidative
stress (8, 26). Moreover, As,O; has been shown to induce
apoptosis through ROS production in a number of different
cancer cell lines, ranging from diverse leukemia cell lines to
solid tumor cell lines (19, 27, 28). Therefore, we explored
whether AP-1 would upregulate CBR1 expression in the pres-
ence of As,03. The phosphorylation and total protein levels of
c-Fos and c-Jun were increased by As,03 in U937 cells (Fig. 2A).
Moreover, SP600125, an inhibitor of c-Jun N-terminal kinase,

abrogated not only phospho-c-Jun levels but also As,O3-
induced CBRI protein levels (Fig. 2B). In addition, knockdown
of endogenous c-Jun and c-Fos showed the same results as the
inhibitor (Fig. 2C). Bioinformatic analysis revealed the CBR1
promoter contained an AP-1 binding site located at —819 bp
upstream of the transcriptional initiation site. To determine
whether the AP-1 site was involved in the response to As,03
treatment, we designed several luciferase reporter constructs
and conducted luciferase assays. No changes in luciferase
activity were observed in cells transfected with the empty
pGL3-basic vector under the As,O3 treatment or in the control.
In contrast, cells transfected with pGL3-CBR1/1000 showed an
~7-fold increase in luciferase activity under As,O; treatment,
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while cells carrying pGL3-CBR1/1000M showed significantly
less activity (Fig. 2D). Next, an electrophoretic mobility shift
assay was performed to assess the binding affinity of AP-1 to
its binding site in the CBR1 promoter. The wild-type oligonu-
cleotide incubated with nuclear extracts from U937 cells
treated with As,O; exhibited strong mobility-shifted bands,
whereas the mutated oligonucleotide and a 100-fold excess of
cold oligonucleotide showed either weak or no mobility-shifted
bands (Fig. 2E). To verify these results, we conducted ChIP
assays. AP-1 complex (phospho-c-Jun and phospho-c-Fos)
directly bound to the CBRI promoter (Fig. 2F). Collectively,
these results indicate that CBR1 expression can be induced at
the transcriptional level by AP-1 in response to As,0s;.

Overexpression of CBR1 enhances cell survival in the
presence of As,0; but knockdown of CBR1 sensitizes cells
to As,0;

As CBR1 was directly induced by As,O3 (Fig. 1), we hypoth-
esized that the upregulation of CBR1 could be involved in the
resistance to As,05 treatment in leukemia cells. To verify this
hypothesis, we generated stably transfected cell lines by trans-
fecting U937 and K562 cells with Mock, CBR1/WT, SC-shRNA,
or CBR1 shRNA vectors. Compared with the Mock clones,
CBR1 was overexpressed ~2- to 3-fold in 3 independent CBR1/
WT clones (Fig. 3A). In contrast, CBR1 expression was strongly
suppressed by the CBR1 shRNA in 3 independent CBR1 shRNA
clones (Fig. 3A). To observe the effect of CBR1 on cell survival
against As,O5 treatment, we conducted a cell viability assay.
Following treatment with 4 umol/L As,0j, the CBR1/WT
transfected cell lines showed better survival rates than the
Mock-transfected cell lines in an expression-level-dependent
manner in both cell lines (Fig. 3B). However, the cell lines
transfected with CBR1 shRNA exhibited a marked reduction in
cell survival in a suppression-dependent manner, compared
with the cell lines transfected with scrambled shRNA (Fig. 3B).
Similar results were observed for the levels of the apoptotic
markers poly (ADP-ribose) polymerase (PARP), and caspase-3
(Fig. 3C). Further, we assessed the antioxidant activity of CBR1
in both transfected cell lines. As,05 resulted in the enhanced
generation of ROS (Fig. 3D). Importantly, CBR1 overexpression
significantly suppressed enhanced ROS generation (Fig. 3D),
while CBR1 knockdown aggravated ROS generation (Fig. 3D).
Finally, to confirm the impact of CBR1 expression levels on
sensitivity to As,O3;, we examined cell survival rates in c-Jun
and c-Fos knockdown cells after treatment with As,05 alone or
with combined treatment. The c-Jun and c-Fos knockdown
cells were more sensitive to As,04 alone or combination with
the CBRI1 inhibitor than the scrambled siRNA-transfected cells.
However, the trends in the survival rates of cells treated with
As,05 alone were similar to those treated with a combination
of As,03 and the CBRI1 inhibitor (Fig. 3E). Collectively, these
findings indicate that CBR1 protects cells against the apoptosis
induced by As,0; and provides resistance to As,0s.

A combined treatment with hydroxy-PP-Me and As,03
enhances cell death in leukemia cells

Recently, hydroxy-PP-Me has been reported to be a selective
inhibitor of CBR1 (29). To further investigate the role of CBR1

in the resistance to As,0O5-induced cell death, we treated cells
with As,03 alone or in combination with hydroxy-PP-Me. We
conducted a cell viability assay after exposure to 4 pmol/L
(U937, K562, and HL-60) or 1 pumol/L (NB4) As,05 alone or in
combination with 20 umol/L hydroxy-PP-Me for 48 hours.
Co-treatment with hydroxy-PP-Me and As,Oj3 significantly
enhanced cell death relative to treatment with As,03 alone
(Fig. 4A). Moreover, the combined treatment increased the
cleavages of PARP and caspase-3 (Fig. 4B). The combined
effect of hydroxy-PP-Me with As,03 was further confirmed in
an Annexin V/PI assay (Fig. 4C). Moreover, a TUNEL assay
provided similar results to those shown in Fig. 4D. Finally,
we calculated the drug combination index and observed it to
be less than 1.0 (Fig. 4E), indicating a synergistic effect
between hydroxy-PP-Me and As,O;. Overall, these data
indicate that the inhibition of CBRI in combination with
As,05 is a new means to promote the efficacy of As,0;-based
regimens.

Inhibition of CBR1 amplifies As,03-induced ROS
generation through NADPH oxidase activation

As,05 induces ROS generation through increasing expres-
sion levels of NADPH oxidase (NOX) subunits (30). To inves-
tigate the molecular mechanism by which the inhibition of
CBRI increases As,05-mediated cell death, we measured ROS
levels in a time-dependent manner in U937 cells treated with
As,05 alone or in combination with hydroxy-PP-Me. The
combined treatment resulted in a continuous increase in ROS
levels for up to 36 hours and, relative to As,03 treatment alone,
caused a 2-fold increase in ROS generation. To test whether the
enhanced ROS production in the combined treatment could
also be mediated by the NOX pathway, cells were pretreated
with 200 umol/L apocynin, a NOX inhibitor. ROS was signif-
icantly reduced in cells treated with As,05 alone or in com-
bination with hydroxy-PP-Me (Fig. 5A and data not shown).
Consistent with these results, the combination of hydroxy-PP-
Me and As,05; more strongly increased the expression and the
translocations of the NOX subunits p47phox and p67phox from
the cytosol to the membrane than As,0; alone. Further, these
translocations to the membrane were almost completely abro-
gated by apocynin in both cases (Fig. 5B). Moreover, the
expression levels of the lipid peroxidation products HNE, MDA,
and acrolein were all increased in the cells co-treated with
hydroxy-PP-Me and As,0s. In addition, increased expression
was observed for ALDH and AR, which were known to detoxify
HNE (31). This increased expression for both the lipid perox-
idation products and ALDH and AR was greater than 4-fold
when compared with that of the non-treated cells but was
significantly decreased in the apocynin-treated cells (Fig. 5C),
providing additional evidence supporting NOX involvement.
Finally, we tested the formation of MDA, a lipid peroxidation
indicator, and observed the same patterns of change (Fig. 5D).
To determine whether increased ROS generation induces cell
death, we pretreated cells with the ROS scavengers N-acetyl -
cysteine (NAC) or 4,5-dihydroxy-1,3-benzenedisulfonic acid
(Tiron, a superoxide scavenger) for 30 minutes and then
measured cell viability after 48 hours on treatment with As,
O3 alone or in combination with hydroxy-PP-Me. Both
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antioxidants protected cells from As,O; alone or in the
combined treatment (Fig. 5E). Finally, to examine the direct
involvement of NOX in the production of ROS in treatments
with As,03 alone or in combination therapy with hydroxy-PP-
Me, we transfected cells with p47phox- or p67phox-specific
siRNA or a scrambled siRNA. The cells transfected with
p47phox or p67phox siRNA showed a significantly lower
generaton of ROS compared with both the non-transfected
and scrambled siRNA-transfected cells after treatment with
As,03 alone and combination therapy. Further, transfection
with either p47phox or p67phox siRNA resulted in a substan-

tial protection against As,O; alone or combination with
hydroxy-PP-Me (Fig. 5F). Collectively, these observations
indicate that the enhanced ROS generation by the CBRI
inhibitor in combination with As,O3 is caused via NOX
activation.

Inhibition of CBR1 increases the antitumor activity of
As,0; in a U937 xenograft model

Further, to test whether CBR1 expression is increased in
response to As,O3 in vivo and whether As,0;-induced cyto-
toxicity is enhanced by CBRI inhibition, we injected 2 x 107
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U937 cells into 5 athymic nude mice per group. Two weeks after
the inoculation of U937 cells, mice were injected intraperito-
neally with hydroxy-PP-Me (30 mg/kg) alone, As,0; (5 mg/kg)
alone, or with combination therapy that was repeated once
every 3 days. On Western blot analysis, it was observed that the
CBRI1 protein levels in grafted tumor tissues were upregulated
~5-fold after a single intraperitoneal injection of As,03 (Fig.
6A). This strong induction was further corroborated by immu-
nohistochemistry results (Fig. 6B). To determine the combined
effects of hydroxy-PP-Me and As,05; on tumor growth in vivo,
tumor growth was measured for up to 18 days after com-

mencement of the treatments. The results showed that the
combination therapy with hydroxy-PP-Me plus As,05; marked-
ly suppressed tumor growth compared with treatment using
As,03 alone (Fig. 6C). In addition, these results were confirmed
by measuring tumor weight (Fig. 6D). Finally, we observed
enhanced expression of apoptotic markers and apoptotic
nuclei in the tumor specimens from mice injected with both
compounds compared with As,O; alone (Fig. 6E and 6F).
Collectively, these data indicate that As,O5 effectively sup-
presses tumor growth when combined with the CBRI1
inhibitor.

Cancer Res; 72(16) August 15, 2012

Cancer Research

Downloaded from cancerres.aacrjournals.org on June 28, 2019. © 2012 American Association for Cancer Research.


http://cancerres.aacrjournals.org/
http://cancerres.aacrjournals.org/

Published OnlineFirst June 19, 2012; DOI: 10.1158/0008-5472.CAN-12-1110

CBR1 in As,0O3 Treatment

A B Hydroxy-PP-Me - + - + +
6 1 —@- No treatment As;,0; - - + + +

Figure 5. The inhibition of CBR1 ——Hydroxy-PP-Me Apocynin - - - - +
enhances NOX-derived ROS 5 51 -mAs,0, p47phox E
generation by Asz05 in U937 cells. A 3T —4—Combined Total —
to D, the cells were treated with 20 w2 41 S Combined +8 i expression p67phox
umol/L hydroxy-PP-Me alone, 23 Al L fm——
4 umol/L As,Oj3 alone, or a o £ 31
combination of both. Cells were % 2 Memb p47phox
pretreated with 200 umol/L apocynin E = 29 1 fer:]ciirg: ® | p67phox
for 2 hours before drug 5 p22phox
administration. A, ROS levels were 1 L 4 L) L
measured in a time-dependent o p47phox
manner by flow cytometry. B, the Y ¥ S X A Cytosolic
total cell lysates and the cellular 6 12 24 36 (h) fraction | PE7PROX
fractions were subjected to Western Actin E
blot analysis. C, the lipid C Hydroxy-PP-Me + -+ o+ D
peroxidation products and enzymes As,0, -+ + o+ 57 . .
downstream of CBR1 were analyzed Apocynin - - -+ =
by Western blot analysis. ALDH, 2 41
aldehyde dehydrogenase; AR, Lipid MDA | o m— | é’
aldose reductase. D, the lipid peroxidation HNE | s A | £ 3
peroxidation product MDA was products %
measured by a lipid peroxidation Acrolein | -— - ..l :?‘ 21
assay. Data represent mean + SE, g .
n=3.*, P<0.01 versus cells treated
with As,O3 alone; **, P < 0.01 versus goBvl;:stream AR |— ——— | 0 ‘ ‘
cells treated with both compounds. enzymes ALDH |... e — .-.I Hydroxy-PP-Me - + & + +
E, cells were pretreated with NAC or As,0, - . + + +
Tiron for 30 minutes, and then were Actin |--...{ Apocynin - i ) o
treated with 20 umol/L hydroxy-PP-
Me alone, 4 umol/L As,O; alone, or
both compounds. Relative cell E ©
survival was analyzed. Data 120 E SIRNA
represent mean + SE, n = 3. = | i Q. B S B :
*, P < 0.01 versus cells treated with % e o g S 2 g % Re(lfztgiensl?c?ol:‘;e‘ Relative cell survival (%)
As,0z alone; **, P <0.01 versus cells g 80 1‘; e 5 6 5 4 3 2 1 0 20 40 60 80 100 120
treated with both compounds. F, 3 < u"; kS a : : i & : ) |
cells were transfected with p47phox, = 601 - Pt i
p67phox, and scrambled siRNAs, g g o e
and further treated with As,O3 alone % 401
or both compounds. The level of E - i e
intracellular ROS and cell viability + - 4+ " "
were monitored. Data represent ol N . o .
mean + SE,n =3.*, P<0.01 versus Hydroxy-
scrambled siRNA-transfected cells PP-Ma = T memh Rt g g
treated with As,O3 alone; **, P <0.01 AS,05 = + + + + + 4 35 i .
versus scrambled siRNA-
transfected cells treated with both NAC - -+ - -+ - i F o e %
compounds. Tiron = = = + = - + + + + " o

Effects of hydroxy-PP-Me and As,0; alone or in
combination on cell death in myeloid primary leukemia
cells

To explore the clinical applicability of CBR1 inhibition, the
effect of co-treatment with As,0; and hydroxy-PP-Me were
tested in primary leukemia cells isolated from 3 APL, 10 AML,
and 10 CML patients and in normal CD34-positive bone
marrow cells isolated from healthy donors. The cells were
treated with 20 wmol/L hydroxy-PP-Me alone, 4 [imol/L As,05
alone, or with combination therapy for 48 hours. Treatment
with hydroxy-PP-Me alone resulted in no cell death in all of the
samples. Meanwhile, As,03 resulted in a cell death rate of
~20% in the AML and CML samples. However, the co-treat-

ment with both compounds significantly enhanced cell death
in all of the primary cultured cells. In contrast, even the
combined treatment resulted in a low rate of cell death in the
normal CD34-positive bone marrow cells (Fig. 7).

Discussion

As,03 is a drug that is widely used for the clinical
treatment of leukemia. A reduction in the relapse rate and
an improvement in survival are achieved by using As,0; in
patients with APL, especially in high-risk patients (32-34).
However, two common and potentially serious side effects
of As,03 treatment, such as APL differentiation syndrome
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and electrocardiogram abnormalities, have been observed.
Moreover, when As,0; is administered intravenously at a
conventional dose of 0.15 mg/kg per day, side effects such as
leukocytosis, headache, fatigue, fever, cough, dyspnea, and
gastrointestinal disorders are commonly observed (22). Fur-
ther, although As,03 had been investigated in the treatment
of other types of leukemia, most of these studies showed
considerably reduced antitumor effects at clinically achiev-
able concentrations of As,03. Therefore, the development of
more effective treatment modalities for As,03 is urgent for
the treatment of diverse leukemias and solid tumors in
addition to APL.

The transcriptional regulatory mechanisms for the induc-
tion of CBR1 have rarely been studied, although microarray
studies identified CBR1 as one of the responsive proteins to
several inducers, including phenethyl isothiocyanate (35), D3T
(36), and sulphorophane (37, 38). The transcription factor Nrf2
and the aryl hydrocarbon receptor ligand have been hypoth-
esized to induce CBRI (39). We previously showed that CBR1 is
transcriptionally induced in response to hypoxia (40). Based on
our results, we propose that AP-1 is a transcription factor for
CBRI induction under As,03 exposure. In the presence of As,
O, the Fos and Jun subunits were increased. In addition, the
As,03-induced CBR1 activation was blocked by SP600125 and
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Figure 7. Cytotoxicity of hydroxy-PP-Me, As20s, and their combination in
primary human leukemia cells and normal CD34-positive bone marrow
cells. Primary leukemia cells and normal CD34-positive bone marrow
cells were isolated from 3 APL, 10 AML, 10 CML patients and healthy
donors, respectively. These cells were treated with hydroxy-PP-Me
alone, As,O3 alone, or a combination for 48 hours. Cell viability was
determined by an Annexin V/PI assay.

an siRNA that targeted c-Fos and c-Jun. Finally, AP-1 regulated
CBR1 expression by binding to the AP-1 binding site within the
CBR1 promoter. Collectively, we show for the first time that
CBR1 is a direct target of As,O3-induced AP-1 activation.
There is a report that As,03; produces ROS via increasing
expression of NOX subunits (30). In this study, we showed that
the combined treatment of As,O5 with hydroxy-PP-Me further
enhanced ROS production and p47phox and p67phox expres-
sion when compared with As,03 alone. In addition, we showed
that treatment with the NOX inhibitor apocynin and knock-
down of NOX subunits diminished ROS production almost to
the basal level in cells that were treated with As,04 alone as
well as in cells treated with combined therapy of CBR1 inhib-
itor, indicating that NOX is the main enzyme that produces
ROS under both conditions. Because CBR1 contributes to the

References

1. Forrest GL, Gonzalez B. Carbonyl reductase. Chem Biol Interact
2000;129:21-40.

2. Hoffmann F, Maser E. Carbonyl reductases and pluripotent hydro-
xysteroid dehydrogenases of the short-chain dehydrogenase/reduc-
tase superfamily. Drug Metab Rev 2007;39:87-144.

3. Wermuth B. Purification and properties of an NADPH-dependent
carbonyl reductase from human brain. Relationship to prostaglandin
9-ketoreductase and xenobiotic ketone reductase. J Biol Chem
1981;256:1206-13.

detoxification of the reactive carbonyls by reducing the car-
bonyl group to an alcohol (3, 4) and reactive carbonyls are well
known to upregulate the expression of diverse genes at the
transcriptional level (41, 42), it is quite possible that the
combined treatment enhances ROS production by As,O5 via
augmenting expression of NOX subunits in the cells. However,
the complete molecular mechanism that coordinates all these
events is yet to be determined.

Although As,05 increases apoptotic cell death in various
tumors, the antitumor effects of As,03 in other leukemia
cells and in solid tumor cells were lower than those in APL
(20, 21). To improve the therapeutic efficacy of As,03 in As,
Os-resistant tumors, interest has been focused on combina-
tion therapy of As,O; with other compounds, such as
cisplatin (43, 44), L-buthionine sulfoximine (45), docosahex-
aenoic acid (46), sulindac (47), and anthraquinones (48). Our
results indicate that CBR1 is a cellular defense protein
against oxidative stress induced by As,0; and the suppres-
sion of either its expression or enzymatic activity increases
sensitivity to As,Oj3 in vitro and in vivo. Moreover, we showed
that the combined treatment of hydroxy-PP-Me with As,0;
induced synergistic apoptosis in primary leukemia cells.
Therefore, we hypothesize that CBR1 is an important poten-
tial target for novel therapeutic drug development against
diverse leukemias as well as APL.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: M. Jang, Y. Kim, H. Won, S.-Y. Kim, J. Ha, S.S. Kim
Development of methodology: M. Jang. Y. Kim

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): M. Jang, Y. Kim

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M. Jang, Y. Kim, S. Lim, J. K. R, A. Dashdorj, S.S. Kim
Writing, review, and/or revision of the manuscript: M. Jang, H. Won,
S.S. Kim

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): M. Jang, Y. Kim, Y.H. Min, K.M. Shokat
Study supervision: M. Jang, J. Ha, S.S. Kim

Grant Support

This study was supported by the National Research Foundation of Korea
(NRF; grant no.2011-0030721) from the Korea Ministry of Education, Science and
Technology (MEST) to S.S. Kim.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received March 27, 2012; revised May 30, 2012; accepted June 13, 2012;
published OnlineFirst June 19, 2012.

4. Oppermann U. Carbonyl reductases: the complex relationships of
mammalian carbonyl- and quinone-reducing enzymes and their role
in physiology. Annu Rev Pharmacol Toxicol 2007;47:293-322.

5. Kelner MJ, Estes L, Rutherford M, Uglik SF, Peitzke JA. Heterologous ex-
pression of carbonyl reductase: demonstration of prostaglandin 9-ketor-
eductase activity and paraquat resistance. Life Sci 1997;61:2317-22.

6. Gius D, Botero A, Shah S, Curry HA. Intracellular oxidation/reduction
status in the regulation of transcription factors NF-kappaB and AP-1.
Toxicol Lett 1999;106:93-106.

www.aacrjournals.org

Cancer Res; 72(16) August 15, 2012

Downloaded from cancerres.aacrjournals.org on June 28, 2019. © 2012 American Association for Cancer Research.

4223


http://cancerres.aacrjournals.org/
http://cancerres.aacrjournals.org/

4224

Published OnlineFirst June 19, 2012; DOI: 10.1158/0008-5472.CAN-12-1110

Jang et al.

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Angel P, Karin M. The role of Jun, Fos and the AP-1 complex in cell-proli-
feration and transformation. Biochim Biophys Acta 1991;1072:129-57.
Guyton KZ, Liu Y, Gorospe M, Xu Q, Holbrook NJ. Activation of
mitogen-activated protein kinase by H,O,. Role in cell survival follow-
ing oxidant injury. J Biol Chem 1996;271:4138-42.

Soignet SL, Maslak P, Wang ZG, Jhanwar S, Calleja E, Dardashti LJ,
et al. Complete remission after treatment of acute promyelocytic
leukemia with arsenic trioxide. N Engl J Med 1998;339:1341-8.

Niu C, Yan H, Yu T, Sun HP, Liu JX, Li XS, et al. Studies on treatment of
acute promyelocytic leukemia with arsenic trioxide: remission induction,
follow-up, and molecular monitoring in 11 newly diagnosed and 47 re-
lapsed acute promyelocytic leukemia patients. Blood 1999;94:3315-24.
Mathews V, George B, Lakshmi KM, Viswabandya A, Bajel A, Balasu-
bramanian P, et al. Single-agent arsenic trioxide in the treatment of
newly diagnosed acute promyelocytic leukemia: durable remissions
with minimal toxicity. Blood 2006;107:2627-32.

Douer D, Tallman MS. Arsenic trioxide: new clinical experience with an
old medication in hematologic malignancies. J Clin Oncol 2005;23:
2396-410.

Wang ZY, Chen Z. Acute promyelocytic leukemia: from highly fatal to
highly curable. Blood 2008;111:2505-15.

Zheng PZ, Wang KK, Zhang QY, Huang QH, Du YZ, Zhang QH, et al.
Systems analysis of transcriptome and proteome in retinoic acid/
arsenic trioxide-induced cell differentiation/apoptosis of promyelocy-
tic leukemia. Proc Natl Acad Sci U S A 2005;102:7653-8.

Jing Y, Dai J, Chalmers-Redman RM, Tatton WG, Waxman S. Arsenic
trioxide selectively induces acute promyelocytic leukemia cell apo-
ptosis via a hydrogen peroxide-dependent pathway. Blood 1999;94:
2102-11.

Miller WH Jr., Schipper HM, Lee JS, Singer J, Waxman S. Mechanisms
of action of arsenic trioxide. Cancer Res 2002;62:3893-903.

Kchour G, Tarhini M, Kooshyar MM, El Hajj H, Wattel E, Mahmoudi M,
et al. Phase 2 study of the efficacy and safety of the combination of
arsenic trioxide, interferon alpha, and zidovudine in newly diagnosed
chronic adult T-cell leukemia/lymphoma (ATL). Blood 2009;113:6528-32.
Uslu R, Sanli UA, Sezgin C, Karabulut B, Terzioglu E, Omay SB, et al.
Arsenic trioxide-mediated cytotoxicity and apoptosis in prostate and
ovarian carcinoma cell lines. Clin Cancer Res 2000;6:4957-64.
Rousselot P, Larghero J, Arnulf B, Poupon J, Royer B, Tibi A, et al. A
clinical and pharmacological study of arsenic trioxide in advanced
multiple myeloma patients. Leukemia 2004;18:1518-21.

Ravandi F, van Besien K. Clinical activity of arsenic trioxide in Burkitt-
like lymphoma. Leukemia 2003;17:271-2.

Akao 'Y, Yamada H, Nakagawa Y. Arsenic-induced apoptosis in malig-
nant cells in vitro. Leuk Lymphoma 2000;37:53-63.

Rust DM, Soignet SL. Risk/benefit profile of arsenic trioxide. Oncolo-
gist 2001;6 Suppl 2:29-32.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) method.
Methods 2001;25:402-8.

Kim Y, Jang M, Lim S, Won H, Yoon KS, Park JH, et al. Role of
cyclophilin B in tumorigenesis and cisplatin resistance in hepatocel-
lular carcinoma in humans. Hepatology 2011;54:1661-78.

Kim J, Choi TG, Ding Y, Kim Y, Ha KS, Lee KH, et al. Overexpressed
cyclophilin B suppresses apoptosis associated with ROS and Ca2+
homeostasis after ER stress. J Cell Sci 2008;121:3636-48.

Kyriakis JM, Banerjee P, Nikolakaki E, Dai T, Rubie EA, Ahmad MF,
et al. The stress-activated protein kinase subfamily of c-Jun kinases.
Nature 1994;369:156-60.

Zhang W, Ohnishi K, Shigeno K, Fujisawa S, Naito K, Nakamura S, et al.
The induction of apoptosis and cell cycle arrest by arsenic trioxide in
lymphoid neoplasms. Leukemia 1998;12:1383-91.

Zheng J, Deng YP, Lin C, Fu M, Xiao PG, Wu M. Arsenic trioxide
induces apoptosis of HPV16 DNA-immortalized human cervical epi-
thelial cells and selectively inhibits viral gene expression. Int J Cancer
1999;82:286-92.

Tanaka M, Bateman R, Rauh D, Vaisberg E, Ramachandani S, Zhang C,
et al. An unbiased cell morphology-based screen for new, biologically
active small molecules. PLoS Biol 2005;3:e128.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.

42,

43.

44,

45.

46.

47.

48.

Chou WG, Jie C, Kenedy AA, Jones RJ, Trush MA, Dang CV. Role of
NADPH oxidase in arsenic-induced reactive oxygen species formation
and cytotoxicity in myeloid leukemia cells. Proc Natl Acad Sci U S A
2004;101:4578-83.

Poli G, Schaur RJ, Siems WG, Leonarduzzi G. 4-hydroxynonenal: a
membrane lipid oxidation product of medicinal interest. Med Res Rev
2008;28:569-631.

Shen ZX, ShiZZ, Fang J, Gu BW, Li JM, Zhu YM, et al. All-trans retinoic
acid/As203 combination yields a high quality remission and survival in
newly diagnosed acute promyelocytic leukemia. Proc Natl Acad Sci U
S A 2004;101:5328-35.

Douer D, Hu W, Giralt S, Lill M, DiPersio J. Arsenic trioxide (trisenox)
therapy for acute promyelocytic leukemia in the setting of hematopoi-
etic stem cell transplantation. Oncologist 2003;8:132-40.

Hu J, Liu YF, Wu CF, Xu F, Shen ZX, Zhu YM, et al. Long-term efficacy
and safety of all-trans retinoic acid/arsenic trioxide-based therapy in
newly diagnosed acute promyelocytic leukemia. Proc Natl Acad Sci U
S A 2009;106:3342-7.

Ellis EM. Reactive carbonyls and oxidative stress: potential for ther-
apeutic intervention. Pharmacol Ther 2007;115:13-24.

Kwak MK, Wakabayashi N, Itoh K, Motohashi H, Yamamoto M, Kensler
TW. Modulation of gene expression by cancer chemopreventive
dithiolethiones through the Keap1-Nrf2 pathway. Identification of
novel gene clusters for cell survival. J Biol Chem 2003;278:8135-45.
Thimmulappa RK, Mai KH, Srisuma S, Kensler TW, Yamamoto M,
Biswal S. Identification of Nrf2-regulated genes induced by the che-
mopreventive agent sulforaphane by oligonucleotide microarray. Can-
cer Res 2002;62:5196-203.

Maser E. Neuroprotective role for carbonyl reductase? Biochem Bio-
phys Res Commun 2006;340:1019-22.

Lakhman SS, Chen X, Gonzalez-Covarrubias V, Schuetz EG, Blanco
JG. Functional characterization of the promoter of human carbonyl
reductase 1 (CBR1). Role of XRE elements in mediating the induction of
CBR1 by ligands of the aryl hydrocarbon receptor. Mol Pharmacol
2007;72:734-43.

. TakE,LeeS, Lee J, Rashid MA, Kim YW, Park JH, et al. Human carbonyl

reductase 1 upregulated by hypoxia renders resistance to apoptosis
in hepatocellular carcinoma cells. J Hepatol 2011;54:328-39.

Wang Z, Dou X, Gu D, Shen C, Yao T, Nguyen V, et al. 4-Hydro-
xynonenal differentially regulates adiponectin gene expression and
secretion via activating PPARgamma and accelerating ubiquitin-pro-
teasome degradation. Mol Cell Endocrinol 2012;349:222-31.

Liu RM, Borok Z, Forman HJ. 4-Hydroxy-2-nonenal increases gamma-
glutamylcysteine synthetase gene expression in alveolar epithelial
cells. Am J Respir Cell Mol Biol 2001;24:499-505.

Li H, Zhu X, Zhang Y, Xiang J, Chen H. Arsenic trioxide exerts
synergistic effects with cisplatin on non-small cell lung cancer cells
via apoptosis induction. J Exp Clin Cancer Res 2009;28:110.

Zhang N, Wu ZM, McGowan E, Shi J, Hong ZB, Ding CW, et al. Arsenic
trioxide and cisplatin synergism increase cytotoxicity in human ovarian
cancer cells: therapeutic potential for ovarian cancer. Cancer Sci
2009;100:2459-64.

Maeda H, Hori S, Ohizumi H, Segawa T, Kakehi Y, Ogawa O, et al.
Effective treatment of advanced solid tumors by the combination of
arsenic trioxide and I-buthionine-sulfoximine. Cell Death Differ
2004;11:737-46.

Lindskog M, Gleissman H, Ponthan F, Castro J, Kogner P, Johnsen JI.
Neuroblastoma cell death in response to docosahexaenoic acid:
sensitization to chemotherapy and arsenic-induced oxidative stress.
Int J Cancer 2006;118:2584-93.

Jin HO, Seo SK, Woo SH, Lee HC, Kim ES, Yoo DH, et al. A combi-
nation of sulindac and arsenic trioxide synergistically induces apo-
ptosis in human lung cancer H1299 cells via c-Jun NH2-terminal
kinase-dependent Bcl-xL phosphorylation. Lung Cancer 2008;61:
317-27.

Yang J, LiH, Chen YY, Wang XJ, Shi GY, Hu QS, et al. Anthraquinones
sensitize tumor cells to arsenic cytotoxicity in vitro and in vivo via
reactive oxygen species-mediated dual regulation of apoptosis. Free
Radic Biol Med 2004;37:2027-41.

Cancer Res; 72(16) August 15, 2012

Cancer Research

Downloaded from cancerres.aacrjournals.org on June 28, 2019. © 2012 American Association for Cancer Research.


http://cancerres.aacrjournals.org/
http://cancerres.aacrjournals.org/

Cancer
Correction Research

Correction: Carbonyl Reductase 1 Offers a
Novel Therapeutic Target to Enhance
Leukemia Treatment by Arsenic Trioxide ®

Chéci( ;or
updates
In the original version of this article (1), the incorrect actin Western blot image was
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