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Abstract. Arsenic trioxide (As,0O;) inhibits the expression of
P-glycoprotein (P-gp) in leukemia cells; however, the mecha-
nism behind this inhibition is unclear. The present study aimed
to explore the effect of As,O; on the expression and regulation
of P-gp in leukemia cells, and elucidate the mechanism of
the reversal of drug resistance. In the present study, electro-
phoretic mobility shift assay results indicated that p65 binds
to the NF-«xB binding site of MDRI, specifically in K562/D
cells. Expression of p65 and phosphorylated IkB was reduced,
while the expression of IkB was increased in K562/D cells
treated with As,O;. The activity of luciferase increased up to
9-fold with 40 ng/ml TNF-a, and it was suppressed by ~25%
following treatment with 1 uM As,O;. These findings suggest
that As,O; reverses the P-gp-induced drug resistance of
leukemia cells through the NF-xB pathway. As,O; may inhibit
the activity of phosphorylase to inhibit IkB phosphorylation,
thereby inhibiting NF-kB activity and MDRI1 gene expression,
leading to reversal of drug resistance.

Introduction

Our previous study and other authors demonstrated that As,O;
inhibits the expression of P-glycoprotein (P-gp) in leukemia
cells (unpublished data) (1); however, the mechanism behind
this inhibition is unclear. Induction of apoptosis is considered
to be the mechanism by which As,O; acts as a chemothera-
peutic agent. Based on this finding, Mathas et al (2) found
that As,O; inhibits the activity of nuclear factor-kB (NF-kB)
and induces apoptosis in Hodgkin/Reed-Sternberg cell lines.
NF-«B is a widely distributed and functional eukaryotic cell
transcription factor that can be activated by many cell factors
and chemotherapeutic agents (2). In addition, a large body of
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evidence has demonstrated that NF-«xB is related to tumor
drug resistance (3-5).

Previous research suggests that, in addition to inducing
the expression of antiapoptotic genes, NF-kB also induces
the expression of P-gp. Bentires-Alj ef al (7) and Kuo et al
(8) demonstrated that the promoter of multi-drug resistance
gene 1 (MDRI, expressing P-gp) contained an NF-kB binding
sequence that activates transcription of an MDR1 promoter-
driven reporter gene. These findings support the notion that
As,0; has an effect on the reversal of drug resistance by
inhibition of NF-kB, consequently inducing apoptosis and
expression of MDRI.

Currently, As,O; is mainly used to treat promyelocytic
leukemia patients and cases for which chemotherapeutic
agents are ineffective; however, As,O; is not currently used
as a drug-resistance modulator. According to analyses based
on the clinical effects and proposed mechanism of As,O;, we
hypothesized that it not only possesses apoptosis-inducing
capabilities, but also the ability to reverse drug resistance.
Exploitation of these capabilities could lead to increasing
effectiveness of chemotherapeutics for treatment-resistant
patients.

Therefore, we aimed to study the impact of As,O; on the
expression and regulation of P-gp in leukemia cells in order to
explore the mechanism of the reversal of drug resistance. The
findings of the present study provide an important theoretical
foundation for the improvement of chemotherapy. Moreover,
study of the function of the reversal of drug resistance by
As,0; may improve its therapeutic value and expedite further
studies concerning the mechanism of tumor drug resistance.

Materials and methods

Cell culture. K562/D, K562/S and HEK?293T cells were
maintained in RPMI-1640 with 10% fetal bovine serum
(FBS), 100 units/ml penicillin and 100 pg/ml streptomycin
in a humidified atmosphere with 5% CO, at 37°C. The study
was performed in accordance with the ethical standards of
the 1975 Declaration of Helsinki, as revised in 2000, and was
approved by the appropriate institutional review boards.

In the present study, we used the K562/D and 293T cell
lines in the process of analysis of the inhibition of the MDR1
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gene promoter. K562/D cells have a high level of P-gp expres-
sion, and the function of its external input pump leads to low
efficiency of cell transfection; therefore, we choose human
embryonic kidney 293T cells instead of K562/D cells for the
transfection experiments.

Identification of the NF-kB response element of the MDRI
promoter by EMSA. Nuclear extracts were prepared from
K562/D cells. The wild-type probe of the MDR1 promoter
was generated by annealing two complementary oligonucle-
otides (5'-GCACTGCAGGGGCTTTCCTGTGCGC-3" and
5'-GCGCACAGGAAAGCCCCTGCAGTGC-3"). The core
sequence of the NF-xB binding site is underlined and the 3'
recessive ends were filled by repair synthesis with dATP,
dTTP, dGTP [0-**P]-dCTP and the Klenow fragment of DNA
polymerase I. The mutated probe of the MDR1 promoter was
generated using the same procedure, except that several oligo-
nucleotides were mutated (5'-GCACTGCACTCGCTTTCC
TGTGCGC-3' and 5-GCGCACAGGAAAGCGAGTGCAG
TGC-3"). Nuclear extracts of the protein were preincubated in
20 ul of binding buffer and 4% glycerol with or without unla-
beled excess competitor. For supershift assays, 1 pg of rabbit
IgG (Sigma) was added to the preincubation mixture. After
preincubation on ice for 30 min, the DNA probe labeled with
(a-**P) dCTP was added, and the samples were incubated at
room temperature for 30 min. The reaction mixtures were
resolved on 4% polyacrylamide gels. Antibodies used in the
supershift assays were rabbit polyclonal antibodies against
NF-kB p65 from Santa Cruz Biotechnology.

Western blot analysis. Cells were lysed in RIPA buffer
containing a complete protease inhibitor cocktail, followed by
centrifugation at 12,000 x g at 4°C. The protein concentra-
tion was determined from the supernatant by a bicinchoninic
acid assay (Beyotime Institute of Biotechnology, Haimen,
China), and the results were assessed using an ELISA plate
reader. Protein extracts were diluted using 5X SDS loading
buffer, boiled and resolved on SDS-PAGE. After electro-
phoresis, proteins were transferred to a PVDF membrane by
semidry blotting. Detection was performed using the anti-IxB
antibody (1:1,000); and the anti-actin antibody (1:100) was
used as a loading control. The anti-rabbit and anti-mouse IgG
coupled with horseradish peroxidase were used at a dilution
of 1:3,000. Blots were developed with the Western Lightning
Chemiluminescence Reagent Plus (Pierce, Thermo Fisher
Scientific) and chemiluminescence detection film.

Generation of the MDRI promoter reporter, and the IxkB and
IxB mutant vector constructs. The MDR1 genomic sequence,
986 nucleotides of the MDR1 TSS, was PCR-amplified using
the MDRI1 forward primer 5'-GCACTGCAGGGGCTTTCC
TGTG-3' and reverse primer 5'-CTGCAGAAAAATTTCTC
CTAGCC-3'". The transcriptional site was defined as +1, and
human genomic DNA was used as the template. Next, 1094 bp
nucleotides of IxkB were amplified using primers (5-GTCCG
CGCCATGTTCCAG-3' and 5"TGGGCTAGGCAGTGTGC
AGT-3") and the cDNA from K562/D cells as the template. The
PCR product was cloned into the pMDI18-T vector. The MDR1
reporter vector was constructed into the PGL3-Basic vector
with HindIII and Sacl restriction sites. Using the IkB sequence
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as the template, the IxB expression vector was constructed in
the pcDNA3.1 vector containing HindIIl and EcoRI restric-
tion sites. We constructed the IkB mutant vector according to
the operating instructions of the Takara MutanBEST kit using
the primers CCTCGTCTTTCATGTAGTCCAGGCCGAT-
GTCGTGGCGGTC and GACCGCCACGACATCGGCCT
GGACTACATGAAAGACGAGG (underlined are mutated
sites that changed the ser 32/36 to ile 32/tyr 36). All of the
constructed vectors were confirmed by sequencing.

Luciferase assay. K562D cells treated with 1 uM As,0; and
293T cells treated with or without 40 ng/ml TNF-a stimula-
tion were seeded at 2x10° cells/well in a 24-well plate. After
24 h, the cells were transfected with the plasmid including
IkB, the IxB mutant and p65 siRNA using Lipofectamine
2000 (Invitrogen) according to the protocol recommended by
the manufacturer. Two days after transfection, the cells were
lysed, and the luciferase activities were assayed using the
Dual-Luciferase reporter assay system (Promega, Madison,
WI, USA) and measured with a Lumat LB 9507 luminometer
(Bethold Technologies, Bad Wildbad, Germany). The lucif-
erase levels were calculated by the ratio of firefly luciferase to
Renilla luciferase; the results were averaged from at least three
separate transfection assays in all of the experiments.

Results

Identification of the NF-«kB protein binding site on the MDRI
promoter. We demonstrated that response elements exist in the
MDRI1 promoter by EMSA (Fig. 1). The wild-type NF-xB-
labeled probe formed a complex with the nuclear extract, and
the addition of a cold self-competitor resulted in weakened
binding. However, a mutant competitor could not abolish
the binding. Supershift assays revealed that the binding was
blocked by the p65 antibody. These results indicated that p65
could bind with the NF-xB binding site of MDR1 specifically
in K562/D cells.

Influence of As,O; on p65, IkB and phosphorylated IxB
in K562/D cells. The results of the western blot analysis
demonstrated that As,O; reduced the expression of p65 and
phosphorylated IkB but increased the expression of IkB. We
then extracted the nuclear protein and total protein from
untreated K562/D cells and those treated with As,O; to iden-
tify whether the MDRI1 gene was inhibited by As,O; via the
NF-«B pathway.

Western blot analysis was performed for p65 using nuclear
proteins and IxB and phosphorylated IxB using total protein.
The results demonstrated that the expression of p65 and
phosphorylated IxB was reduced, while the expression of kB
was increased in K562/D cells treated with As,O; (Fig. 2).
In essence, phosphorylated IkB was reduced after treatment
with As,O;, resulting in an increased IxB protein level and
decreased NF-«B translocation to the cell nucleus.

Influence of TNF-a and As,O; treatment on MDRI promoter
activity. Using the luciferase assay system, we found that
negative regulation of the MDRI1 promoter occurred after
stimulation with TNF-a, while As,O; inhibited this activity.
Luciferase reporter vectors harboring the MDR1 promoter
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Figure 1. Identification of NF-«xB in the MDR1 promoter by EMSA. The wild-type NF-«xB-labeled probe formed a complex with certain proteins in the nuclear

extract, and the addition of the 10- and 100-fold cold self-competitor resulted in weakened binding; however, a mutant competitor was not able to abolish the
binding. Supershift assays demonstrated that the binding was blocked by the p65 antibody.
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Figure 2. Expression of NF-kB, p65, IxB and phosphorylated IkB in As,O;-treated-K562/D cells. Left, western blot analysis of the K562D cells treated with
different concentrations of As,O; (1, control; 2, 1 uM As,O;; 3, 2 uM As,0;; 4, 4 uM As,0;). Right, analysis of the density by the ratio of NF-xB p65, IkB,
phosphorylated IxB and $-actin. (A) Reduced NF-xB p65 expression, (B) increased IxB expression, (C) reduced phosphorylated IxkB expression following
treatment with As,Os.

(Fig. 3A and B) were transfected into 293T cells after treat-  found that without TNF-a stimulation, low luciferase activity
ment with different concentrations of TNF-a for 24 h. We  was observed, and the activity of luciferase increased as the
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Figure 3. Sequencing of the MDR1 promoter vector. (A) Sequencing of the MDR1 promoter in the PGL3-Basic vector. The downstream primer is underlined,
and the red frame (bottom row) indicates the overlay region of the sequencing. (B) Sequencing of the MDR1 promoter in the PGL3-Basic vector. The upstream
primer is underlined, and the red frame (top row) indicates the overlay region of the sequencing.
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concentration of TNF-a increased. The activity of luciferase
was increased up to 9-fold with 40 ng/ml TNF-a, and it was
suppressed by ~25% following treatment with 1 uM As,0O,
(Fig. 4).
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Figure 4. Analysis of fluorescence intensity. The activity of luciferase was Lo . I
increased up to 9-fold with 40 ng/ml TNF-a stimulation, and was suppressed The results indicated that As,O; partially inhibited the TNF-a
by ~25% following treatment with 1 uM of As,O;. induced-activity of the MDR1 promoter via NF-«B.
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Figure 5. Sequencing of the IkB vector. (A) Wild-type IkB sequencing (pink frames indicate Ser32/36). (B) Mutant IxkB sequencing (pink frames indicate the

changes of Ser 32/36).
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Figure 6. Influence of MDR1 promoter activities by factors in the NF-xB
pathway. 1, control; 2, IkB mutant transfection group; 3, IkB transfection
group; 4, p65 siRNA transfection group. Activities of the luciferase reporter
gene were inhibited in the 293T cells following TNF-a stimulation, and the
activities of luciferase were reduced in the IkB, IkB mutant and p65 siRNA
transfection groups. Following treatment with As,O;, activities in the IkB
mutant transfection group were decreased more than that in the IxB transfec-
tion group

Discussion

Human P-gp is present not only in tumor cells, but also in
normal tissues including the kidney, liver, adrenal glands and
the pregnant uterus (9). The human MDRI1 gene is located at
7p21-21.1; containing 28 exons (10). The upstream region of the
MDRI1 gene promoter lacks the TATA box commonly found in
many protein-coding genes; however, it does contain a reverse
CCAAT and GC-rich region that can bind with NF-Y and Sp
family transcription factors, which recruit histone acetyltrans-
ferase to initiate histone acetylation, chromatin remodeling,
thus, activating the MDR1 promoter. Moreover, the promoter
contains binding sites for lymphoid enhancer factor/T cell
transcription factor, heat shock factor, early growth response
factor 1 and myocyte enhancer factor 1 (11). Research has
demonstrated that cell stress such as DNA damage and various
activation signals (including TNF-a and NF-«kB) can activate
the MDR1 gene and induce its expression (12-15). Bentires-Alj
et al (7) found that the MDR1 promoter contained a binding
sequence (GGGGCTTTCC) for NF-«xB. In the present study,
we verified this specific binding using EMSA, and demon-
strated that TNF-a activates the transcription of the MDR1
promoter using a luciferase reporter system.

In the present study, we used the K562/D and 293T cell
lines as our models. K562/D cells possess a high level of P-gp
expression; therefore, the function of the external input pump
of the cells leads to low efficiency of cell transfection. Thus,
in the present study, we used 293T cells when undertaking the
transfection experiments. After transfection of the reporter
gene, the weak signal was enhanced by NF-kB expression
induced by TNF-a, and this enhancement was significantly
reduced again after treatment with As,O;. These results
demonstrated that As,O; inhibited activation of the MDRI1
promoter induced by TNF-a.

In our previous research and in studies by other authors, we
found that As,O; directly affected the expression level of P-gp
in K562/D cells (unpublished data) (1); As,O; was observed
to significantly inhibit the expression and function of P-gp by
flow cytometry. These studies demonstrated that As,O; could
regulate the expression of MDRI1. Further research on the
regulatory mechanisms of MDR1 will facilitate the study of
the reversal of drug resistance.

Expression of MDR1 is affected by many tumor-associated
proteins, such as mutant ras isoforms, and c-raf can directly
bind with the Sp-1 motif to increase expression of MDR1. SXR/
PXR, steroid receptors, and a number of carcinogens can also
directly bind to the MDR1 promoter and activate its expres-
sion. As previously demonstrated, mutant p53 specifically
stimulated the MDRI1 promoter and wild-type p53 exerted
specific repression (16-18). These results imply that the MDR1
gene activated during tumor progression is associated with
many factors. As this area of study has developed, researchers
have recognized P-gp as a target for cancer therapy.

As,0; regulates the activity of the MDRI promoter via the
NF-kB pathway. In order to further analyze the inhibitory
effects of As,0O; on the activation of the MDR1 promoter,
we examined IkB, phosphorylated IxB and the expression of
NF-«B in K562/D cells treated with or without As,O;.

The NF-xB family consists of five correlative transcrip-
tion factors (19,20): i) NF-«kBl1, including p50 and p105; ii)
NF-«B2, including p52 and p100; iii) NF-xB3, also known as
Rel-A or p65, generally considered to play an important role
in the transcriptional activation of NF-kB (20); iv) Rel-B; and
v) Rel (also known as c-Rel). In the cytoplasm, NF-«xB is in
an inactive form and binds to the inhibitor of IkBa.. Under the
stimulus of certain factors, it is often activated by a classical
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pathway, in which two conserved serine residues (Ser32/36) of
IxkBa are phosphorylated by the IkB kinase (IKK) complex.
Phosphorylation of IkB leads to rapid ubiquitination, followed
by a conformational change, which is recognized and
degraded by a catalytic ATP-dependent 26S protease. Thus,
the suppression of NF-kB is reversed, and it is translocated
into the nucleus where it exerts its function of transcriptional
activation (22).

Our results demonstrated that phosphorylation of kB and
nuclear localization of NF-kB were decreased, while expres-
sion of IkB was increased in the As,O;-treated K562/D cells
when compared with the control group. The activity increased
with the increasing concentration of As,O;. We hypothesized
that inhibition of phosphorylase activity caused by As,O,
resulted in the reduction of phosphorylation of IxB and degra-
dation of IkB proteins. Thus, IkB proteins bound to NF-kB
outside of the nucleus, and further reduced NF-xB transloca-
tion into the nucleus.

In the present study, we detected an influence on the
promoter activity, resulting from the alteration in the binding
of MDRI1 and NF-kB. The results demonstrated that the MDR1
promoter-driven reporter gene, which contained NF-kB sites,
had a high level of transcriptional activity following stimulation
with TNF-a, and As,O; inhibited the activity of transcription
promoted by TNF-a. This inhibition was also enhanced by
transfection with siRNA targeting p65 or an expression vector
containing IxB. Hence, the NF-«B response element played an
important role in the transcriptional activation of the MDR1
promoter. Moreover, the inhibition of activity was significantly
reduced in the group transfected with the IxB mutant vector
compared with the wild-type vector. These results further
demonstrated that As,O; inhibited the phosphorylation of IkB
in the NF-«B pathway to regulate MDR1.

NF-«B has antiapoptotic functions. It can be activated by
cytotoxic drugs, and once activated it can induce the expres-
sion of antiapoptotic genes (23-25), leading to the resistance to
chemotherapy (15,26-28).

P-gp has been demonstrated to possess antiapoptotic func-
tions in stem cells (29-31). As,O; inhibits P-gp expression via
the NF-xB pathway, and plays a dual role in the reversal of
tumor resistance. Studies continue to demonstrate the special
effects that As,O; has on relapsed/refractory tumors. In the
present study using As,Os-treated wild-type K562/S cells
and drug-resistant K562/D cells, we found that the cell lethal
concentration of the former was higher than that of the latter,
which corroborated the collateral sensitivity theory of multi-
drug-resistant cells (32-34). The finding that resistant cells
may be ultra-sensitive to unconventional drugs (such as As,0;)
adds significant value to the study of cancer treatment.

In summary, the present study demonstrated that the +561
- +571 region of the MDRI1 promoter is the response element
of NF-kB. As,0; regulated the binding of NF-«xB through
the phosphorylation of IkB, and consequently led to NF-xB-
mediated transcriptional repression of the MDR1 promoter,
which is one of the mechanisms of the reversal of the drug
resistance by As,Os;. Furthermore, the effect of As,O; on
the apoptosis of resistant cells may involve more complex
mechanisms, which remain to be elucidated. Finally, As,O,
has been clinically used as an anticancer drug, and when its
ability to reverse resistance is further developed and utilized,
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As,0; may become an option for the first-line treatment of
cancer.

In conclusion, we identified that As,O; reversed the P-gp-
induced drug-resistance of leukemia cells through the NF-xB
pathway. A specific binding sequence for NF-kB was identi-
fied in the upstream region of the MDRI1 gene, which NF-kB
can use to affect MDR1 gene expression. Additionally, As,O;
was observed to inhibit NF-xB binding to this sequence.

In leukemia cells, As,0; may inhibit the activity of phos-
phorylase to inhibit IxB phosphorylation, thereby inhibiting
NF-«xB activity and MDR1 gene expression, leading to the
reversal of drug resistance.
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