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Synergistic cytotoxic effects of arsenite and tetrandrine
in human breast cancer cell line MCF-7
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Abstract. To provide novel insight into the development of
new therapeutic strategies to combat breast cancer using triva-
lent arsenic (As™)-based combination therapy, the cytotoxicity
of a combination of As" and tetrandrine (Tetra), a Chinese
plant-derived alkaloid, was investigated in the human breast
cancer cell line MCF-7. Cytotoxicity was evaluated using
cell viability, colony formation, wound healing, lactate dehy-
drogenase leakage and cell cycle assay. Alterations of genes
associated with cell proliferation and death were analyzed
using real-time PCR and western blotting. Intracellular
arsenic accumulation (As[i]) was also determined. Tetra
significantly enhanced the cytotoxicity of As™ in MCF-7 cells
in a synergistic manner. The combined treatment upregulated
the expression level of FOXO3a, and subsequently resulted in
a concomitant increase in the expression levels of p21, p27,
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and decrease of cycline D1, which occurred in parallel with
G,/G, phase arrest. Autophagy induction was also observed in
the combination treatment. Importantly, combining As™ with
Tetra exhibited a synergistic inhibitory effect on the expres-
sion level of survivin. Furthermore, enhanced As[i] along with
synergistic cytotoxicity was observed in MCF-7 cells treated
with As"™ combined with Tetra or Ko134, an inhibitor of breast
cancer resistance protein (BCRP), suggesting that Tetra or
the BCRP inhibitor probably intervened in the occurrence of
resistance to arsenic therapy by enhancing the As[i] via modu-
lation of multidrug efflux transporters. These results may
provide a rational molecular basis for the combination regimen
of As™ plus Tetra, facilitating the development of As™-based
anticancer strategies and combination therapies for patients
with solid tumors, especially breast cancer.

Introduction

Breast cancer is the most common cancer among women
worldwide and persists as one of the leading causes of
cancer-related deaths despite advances in early detection,
diagnosis, and targeted treatment options such as Herceptin
(trastuzumab) (1,2). The need for novel therapeutic strategies
remains paramount given the sustained development of drug
resistance, tumor recurrence, and metastasis (1,2). In this
regard, the successful clinical efficacy of arsenic trioxide
(As,0;, a trivalent arsenic derivative) in the treatment of
acute promyelocytic leukemia (APL) has resulted in further
investigations exploring its potential treatment application
for other malignancies, including solid tumors (3,4). Trivalent
arsenic (arsenite, As'™) has been demonstrated to exhibit
inhibitory effects against breast cancer cells (5-7), raising the
possibility of utilizing arsenic compounds to treat patients
with breast cancer. The side effects of As™, in particular,
As"-mediated QT prolongation, remain a serious concern
limiting its clinical application. Solid tumors, including
breast cancer, also demonstrate a lower susceptibility to
arsenic compounds (8-10). Therefore, a growing need exists
to create new approaches aimed at improving its efficiency
and reducing its side effects.
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Tetrandrine (Tetra), a bis-benzylisoquinoline alkaloid
isolated from the root of Stephania tetrandra S Moore, has
a long history in Chinese medicine treating diverse diseases
such as silicosis, inflammatory pulmonary diseases, and
hypertension (11). Furthermore, Tetra has been demonstrated
to not only possess the capacity to inhibit the growth of several
different types of cancer cell lines, but also show a potential
for increasing the efficacy of chemotherapy drugs in combined
treatment (12-14). These previous findings suggest that Tetra
may serve as a promising adjuvant to enhance the efficacy of
conventional anticancer drugs. While Tetra has been shown to
enhance the cytotoxicity of As™ in HepG2 (human hepatoma
cell line) and A549 (human lung carcinoma cell line) (13), the
effects of combining As™ and Tetra against breast cancer cells
have yet to be evaluated.

Cell cycle arrest, necrosis, as well as autophagic cell death
have been viewed as the major underlying mechanisms for the
cytocidal effects of most chemotherapeutic drugs (7,13,15-18).
The cell cycle is a complex process that is precisely regulated
by vital molecules known as cyclin-dependent kinases (CDKs)
and CDK inhibitors such as p21 Waf1/Cipl (p21) and p27 Kipl
(p27) (7,19,20). Of note, forkhead box transcription factor
(FOXO03a), which is considered to be involved in the devel-
opment of breast cancer and may also serve as a prognostic
marker in breast cancer (21), has been implicated in the control
of genes involving multiple cellular processes, including cell
cycle, migration, invasion, and cell death (2,20-24). Survivin,
another important cancer-associated protein that is highly
expressed in most human tumors, is similarly known to
participate in the above cellular processes (25-28). However,
whether and how these molecules contribute to the potential
cytotoxic effects induced by a combination of As™ and Tetra
against breast cancer cells remain to be seen.

In the clinical treatment of cancer, combination therapy
has been widely recognized to decrease cell viability and
clonogenic growth, and reduce toxicity, although sequential
chemotherapy remains the standard of care for a variety of
malignancies including breast cancer (29). In this regard,
previous reports (30,31) have revealed that Tetra enhances
cytotoxicity of conventional anticancer drugs such as
cisplatin, daunorubicin and doxorubicin by inhibition of
some ATP-binding cassette (ABC) transporters including
ABCCl1/multidrug resistance-associated protein 1 (MRP1)
and ABCBI1/multidrug resistance 1 (MDR1), all of which are
known to mediate drug efflux and play a prominent role in the
chemoresistance to several cytotoxic agents including arsenic
compounds (3). These previous findings suggest that Tetra
may be a promising candidate for combination chemotherapy
regimens through the manipulation of drug efflux transporters
thereby enhancing the efficacy of anticancer drugs. Although
treatment with As,S, dramatically increases the expression
of ABCG2/breast cancer resistance protein (BCRP), another
important multidrug resistance-conferring ABC transporter,
in a myeloid leukemia cell line K562 (32), the relevance of
BCRP to arsenic compound-mediated cytotoxicity as well as
arsenic resistance is not known.

In this study, in order to provide novel insight into the
development of new therapeutic strategies to combat breast
cancer using As™-based combination therapy, the cytotoxicity
of a combination of sodium arsenite (another trivalent arsenic
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compound) and Tetra was investigated in the human breast
cancer cell line MCF-7 by focusing on cell cycle arrest,
necrosis, and autophagic cell death. Key regulatory molecules
associated with the cell cycle and death were investigated to
further elucidate cytotoxic mechanisms. Intracellular arsenic
accumulation (As[i]) was also evaluated in order to clarify the
contribution of multidrug efflux transporters including BCRP
to cytotoxicity.

Materials and methods

Materials. Sodium arsenite (NaAsO,, As'™) and tetrandrine
(Tetra) were purchased from Tri Chemical Laboratories
(Yamanashi, Japan) and National Institutes for Food and Drug
Control (Beijing, China), respectively. Fetal bovine serum
(FBS) was purchased from Nichirei Biosciences (Tokyo,
Japan). RPMI-1640 medium, phenazine methosulfate (PMS),
dimethyl sulfoxide (DMSO) and Giemsa stain solution were
obtained from Wako Pure Chemical Industries (Osaka, Japan).
Propidium iodide (PI), ribonuclease A (RNaseA), and
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbony] -2H-tetrazolium hydroxide (XTT) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ko134, an inhibitor
of BCRP, was obtained from Solvo Biotechnology (Kyoto,
Japan). ReverTra Ace qPCR RT Master Mix with gDNA
Remover, Thunderbird SYBR qPCR Mix, RNase inhibitor,
Can Get Signal® Immunoreaction Enhancer Solution were
purchased from Toyobo Co., Ltd. (Osaka, Japan).

Cell culture and treatment. MCF-7 human breast adeno-
carcinoma cells were obtained from the RIKEN Cell Bank
(Ibaraki, Japan). Cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated FBS and 100 U/ml
of penicillin and 100 pg/ml of streptomycin in a humidified
5% CO, atmosphere at 37°C. Cells were treated with As™ and
Tetra, alone or in combination, in the presence or absence
of BCRP inhibitor Ko134 at the indicated concentrations.
Tetra was dissolved in DMSO, and no cytotoxicity of the
final concentrations of DMSO was observed in the current
experimental system.

Cell viability and clonogenic survival. After treatment with
various concentrations of As™ and Tetra, alone or in combina-
tion, for 48 h, cell viability was measured by the XTT assay
as previously described (33). The relative cell viability was
expressed as the ratio of the absorbance of each treatment
group against those of the corresponding untreated control
group. The ICs, values of As™ were calculated using GraphPad
Prism® 6 software. In order to evaluate whether the two drugs
generated synergistic, antagonistic, or additive effects, a combi-
nation index (CI) was determined as reported previously, using
the computer software ComboSyn (ComboSyn Inc. Paramus,
NIJ, USA) for drug combinations and for general dose-effect
analysis, which was developed by Chou (34,35). The effect of
the combination treatment was defined as a synergistic effect
if Cl<1, an additive effect if CI=1 or an antagonistic effect if
CI>1 (13,19). For clonogenic survival assays, MCF-7 cells were
seeded at 500 cells/well in 12-well plates, followed by the treat-
ment with indicated concentrations of As' and Terta, alone or
in combination, for 24 h. The medium was then replaced with
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fresh media and the cells were allowed to grow for 8§-12 days in
a humidified 5% CO, atmosphere at 37°C before staining with
Giemsa stain solution.

Wound healing assay. Cell migration was evaluated using an
in vitro wound scratching assay as previously described (36).
Briefly, MCF-7 cells were seeded at a density of 1x10° cells/ml
in 24-well plates and allowed to form a confluent monolayer.
The layer of cells was scraped with a 20-200 ul micropipette
tip to create a wound of approximately 0.5 mm in width, and
then the cells were gently rinsed twice by PBS, followed by
treatment with the indicated concentrations of As™ and Tetra,
alone or in combination, for 48 h. The cells were photographed
at 0 and 48 h using an inverted microscope (CK2, Olympus,
Tokyo, Japan) fitted with a digital camera WRAYCAM-NF300
(Osaka, Japan). The distance between the edges of the cell-free
areas was measured and the cell migration was calculated using
the following equation: %R = [1-(wound length at T, / wound
length at T;,)] x100% where %R is the percent recovery, T, is
the wound length at O h, and T, is the wound length at 48 h
after injury.

Cell cycle analysis. After treatment with the indicated concen-
trations of As'™ and Tetra, alone or in combination, for 48 h,
cell cycle analysis was performed using a FACSCanto flow
cytometer (Becton Dickinson, San Jose, CA, USA) according
to a method previously reported (37). Briefly, cells were washed
twice with phosphate-buffered saline (PBS), fixed with 1%
paraformaldehyde/PBS for 30 min, washed twice again with
PBS, permeabilized in 70% (v/v) cold ethanol and kept at -20°C
for at least 4 h. Cell pellets were then washed twice with PBS
after centrifugation and incubated with 0.25% Triton-X 100
for 5 min on ice. After centrifugation and washing with PBS,
cells were resuspended in 500 ul of PI/RNase A/PBS (5 pg/ml
of PI and 0.1% RNase A in PBS) and incubated for 30 min in
the dark at room temperature. A total of 10,000 events were
acquired and Diva software and ModFit LT™ Ver.3.0 (Verity
Software House, Topsham, ME, USA) were used to calculate
the number of cells at each G,/G, and S phase fraction.

Lactate dehydrogenase (LDH) assay. After treatment with
the indicated concentrations of As' and Tetra, alone or in
combination, for 48 and 72 h, LDH leakage from cells was
measured using the LDH-Cytotoxic Test Wako kit (Wako
Pure Chemical Industries) according to the method previously
described with slight modifications (15,33). Briefly, culture
supernatants were collected by centrifugation at 2,500 rpm for
5 min at 4°C. Non-treated cells were lysed in culture medium
containing 0.2% Tween-20, and mixed aggressively using a
vortex mixer, followed by the centrifugation at 12,000 x g for
10 min and the cell lysate was used as the positive control.
Culture medium served as the negative control. Culture
supernatants were collected then diluted 16-fold with PBS and
50 pl of the diluted solution was transferred into wells of a
96-well plate. LDH activities were determined by adding 50 pl
of ‘substrate solution’ from the kit, followed by incubation at
room temperature for 30 min. The reaction was stopped by the
addition of 100 ul of ‘stopping solution’ and the absorbance at
560 nm was measured with a microplate reader (Safire, Tecan,
Switzerland). Cell damage was calculated as a percentage of
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LDH leakage from damaged cells using the following formula:
LDH leakage (%) = (Sup-NC)/(P-NCT) x100 where Sup, NC,
P and NCT refer to the absorption of the culture superna-
tant, negative control, positive control and culture medium
containing 0.2% Tween-20, respectively.

RNA extraction, reverse transcription (RT), and real-time
PCR. Total RNA isolation and complementary DNA were
prepared according to a method previously reported with
modifications (33,38). Briefly, total RNA was extracted from
cells using an RNA extraction kit, Isogen II (Nippon Gene,
Tokyo, Japan) and quantified by BioSpec-nano (Shimazu
Corp., Kyoto, Japan). Complementary DNA was synthesized
from 500 ng of RNA using ReverTra Ace® qPCR RT Master
Mix with gDNA Remover according to the manufacturer's
protocol. Real time RT-PCR assay was performed using the
CFX Connect (Bio-Rad Laboratories, Hercules, CA, USA)
thermal cycler detection system. DNA primers for real-time
PCR were purchased from Sigma-Aldrich (Tokyo, Japan)
using the forward primer (5'-ccagatgacgaccccatagag-3') and
reverse primer (5'-ttgttggtttcctttgecaatttt-3") for survivin
(GenBank accession no.: NM_001168) (39); and the forward
primer (5'-catccctgcctctactggeg-3') and reverse primer
(5'-agcttcecgttcagetcagg-3") for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (GenBank accession no.:
NM_002046.3) served as a housekeeping gene. Thermal
cycling conditions consisted of 10 sec denaturation at 95°C,
15 sec annealing at 60°C, and 20 sec primer extension at 70°C,
and 45 cycles were conducted. A 1-min activation step
preceded cycling (95°C). A fold change in relative expression
of survivin was calculated based on the comparative Ct (244
method. Analysis of melting curves was applied to confirm
whether all PCR products are single.

Western blot analysis. Western blot analysis was carried out
according to the methods previously described (40). Briefly,
after separation of proteins on a sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis, followed by transferring
to a polyvinylidene difluoride (PVDF) membrane (Millipore
Corp., Bedford, MA, USA), protein bands were detected using
the following primary antibodies and dilution ratios: mouse
anti-human B-actin (1:5,000 dilution, Sigma-Aldrich, St. Louis
MO, USA); rabbit anti-human FOXO3a (1:1,000 dilution),
rabbit anti-human p27 (1:1,000 dilution), mouse anti-human
p21 (1:1,000 dilution), rabbit anti-human cyclin D1 (1:1,000
dilution), mouse anti-human survivin (1:1000 dilution), rabbit
anti-human phospho-AMPKal (Ser485) and AMPKa (1:1,000
dilution), rabbit anti-human phospho-mTOR (Ser2448) and
mTOR (1:1,000 dilution), rabbit anti-human Beclin-1 (1:1,000
dilution), rabbit anti-human Atg7 (1:1,000 dilution), rabbit
anti-human LC3 (1:1,000 dilution) (Cell Signaling Technology,
Danvers, MA, USA). Blotted protein bands were detected
with respective horseradish peroxidase-conjugated secondary
antibody and an enhanced chemiluminescence (ECL)
Western blot analysis system (Amersham Pharmacia Biotech,
Buckinghamshire, UK).

Analysis of intracellular arsenic accumulation (As[i]). After
exposure of MCF-7 cells to 3 uM As™ alone or in combina-
tion with 1 yg/ml Tetra or 2 uM BCRP inhibitor Kol34 for
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Figure 1. Synergistic cytotoxic effect of As"" and Tetra in human breast cancer cell line MCF-7. (A) Cell viability was determined by XTT assay after

the treatment with various concentrations of As" alone (4, 6, 8, 10, 12 and 14 M), Tetra alone (2, 3,4, 5, 6 and 7 pg/ml), or their combination for 48 h.
Relative cell viability was calculated as the ratio of the absorbance at 450 nm of each treatment group against those of the corresponding untreated control
group. Data are shown as the means = SD (n=3). "P<0.05 vs. each alone. (B and C) Combination of As'"!' and Tetra exerts synergic effects on MCF-7 cells,
as reflected by the median-effect method of Ting-Chao Chou. The dose-effect curves of single or combined drug treatment analyzed by the median-effect

method demonstrated that the values of combination index (CI) were <1, indicating that the two drugs performed in a synergistic manner. As, As'; Tetra,

tetrandrine, AT, As"" + tetrandrine.

0,1, 2,4, 8 h, the cells were gently washed three times with
PBS and harvested in 2% SDS solution. Protein concentrations
were determined by Bradford's method using the protein assay
dye reagent (Bio-Rad Laboratories) according to the manu-
facturer's instructions, and using BSA as the standard. The
quantitation of As[i] was performed by external calibration.
Concentrations of As[i] were calculated from calibration curve
of standard arsenic compounds. The As[i] was normalized by
the amount of proteins and reported as parts per billion (ppb)
of arsenic per mg of proteins. The analysis of total arsenic
was performed by inductively coupled plasma-mass spectro-
metry (ICP-MS) (Perkin-Elmer Sciex, Thornhill, ON, Canada)
according to the methods previously reported (17,33,41).

Statistical analysis. Experiments were independently repeated
three times, and reported as the means + standard deviation
(SD) of the three assays. Statistical analysis was conducted
using one-way ANOVA followed by Dunnett's post-test. A
probability level of P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Synergistic cytotoxic effect of As"" and Tetra in human
breast cancer cell line MCF-7. A significant decrease in
cell viability was observed in a dose-dependent manner in
MCF-7 cells after treatment with various concentrations of

Table 1. CI values of As™ at concentrations in combination
with Tetra in MCF-7 cells.

As (uM) Tetra (ug/ml) Fa CI value
4 2 0.36365 1.10171
3 0.61133 0.94380

8 4 0.71851 0.96387
10 5 0.82821 0.84989
12 6 0.93335 0.56980
14 7 0.98316 0.30671

The dose-effect curves of single or combined drug treatment analyzed
by the median-effect method demonstrated that the values of combi-
nation index (CI) were <1, indicating that the two drugs performed
in a synergistic manner. CI<1 represents synergism. As, As"; Tetra,

tetrandrine; Fa, the effect levels; CI, combination index.

As™ or Tetra alone for 48 h (Fig. 1A), and the ICs, values were
6.120.9 uM and 3.5+0.6 pug/ml for As™ and Tetra treatment,
respectively. In order to evaluate if the two drugs generated
synergistic, antagonistic, or additive effects, based upon the
above-described ICs, values, the two-drug combination in
constant ratio was determined according to the median-effect
method of Chou (34,35). As shown in Fig. 1A, combination
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treatment was significantly more cytotoxic than either drug
alone (p<0.05). Furthermore, the dose-effect curves of single
or combined drug treatment analyzed by the median-effect
method demonstrated that the values of combination index
(CI) were <1, except for the combination of 4 pM As™ with
2 pg/ml Tetra (Fig. 1B and C, Table I), indicating that the two
drugs performed in a synergistic manner.

Inhibition of colony formation of MCF-7 cells by As™
in combination with Tetra. To explore whether exposure
to As™ alone or in combination with Tetra suppressed the
surviving fraction of MCF-7 cells, a colony formation assay
was applied. As shown in Fig. 2, long-term treatment with
As"™ combined with Tetra significantly suppressed the colony
numbers of MCF-7 cells by 52.8, 74.6 and 90.8% for the
combination of 4 yuM As™ + 2 pg/ml Tetra, 6 uM As™ +
3 pug/ml Tetra, and 8 uM As™ + 4 pg/ml Tetra, respectively,
confirming the synergistic cytotoxic effect of As™ and Tetra
against the cells.

Inhibition of the migration ability of MCF-7 cells by As"™ in
combination with Tetra. To test the effect of As' and Tetra,
alone or in combination, on the proliferation and migration of
MCF-7 cells, a scratch wound healing assay was conducted.
Confluent monolayers of MCF-7 cells were scraped with a
20-200 pl micropipette tip to create a gap as shown in Fig. 3A
(0 h), followed by the treatment with indicated concentra-
tions of As'™ and Tetra, alone or in combination. As shown in
Fig. 3B, after 48 h incubation, the gaps that remained unfilled
by the migrated cells in the treated groups were wider than
that in the untreated group. Furthermore, compared to groups
treated with either As™ or Tetra alone, combinatorial treat-
ment effectively reduced the migration of MCF-7 cells into
the wounded area, although there was no significant differ-
ence between the treatment of 6 uM As™ + 3 pg/ml Tetra or
each alone (Fig. 3C).

Effects of As'" and Tetra, alone or in combination, on the
cell cycle profiling and the expression level of cell cycle
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Figure 3. Inhibition of the migration ability of MCF-7 cells by As™ in combination with Tetra. (A and B) Representative images of wound healing assays for
cells treated with various concentrations of As™ (4, 6 and 8 M) and Tetra (2, 3 and 4 pg/ml), alone or in combination, for 48 h. (C) The percent recovery as
determined in the scratch wound healing assay. Data are presented as the means + SD. "P<0.05 vs. control; 'P<0.05 vs. As" alone; *p<0.05 vs. Tetra alone.

Con, control (without drug treatment); As, As"'; Tetra, tetrandrine.

related-proteins in MCF-7 cells. To explore whether cell cycle
arrest is involved in the cytotoxic effect of As™ and Tetra,
cell cycle analyses were performed using flow cytometry. As
shown in Fig. 4A, after treatment with various concentrations
of As"and Tetra, alone or in combination, at 48 h, a significant
increase in the number of cells in G/G, phase was induced by
As™ alone, but not by Tetra alone. Furthermore, a slight rise
in the number of cells was found in the combination treatment
compared to As™ treatment alone. Concomitantly, a similar
trend towards a decrease in the number of cells in S phase was

also observed (Fig. 4B). As shown in Fig. 4C, in comparison
to control group, the expression of FOXO3a was upregulated
by As™ and Tetra, each alone, and further strengthened by
their combination. Noteworthy, the expression level of p21 was
upregulated by As™, and slightly enhanced by the addition of
Tetra, although Tetra alone did not affect its expression level.
The expression level of p27 was slightly increased by either
As™ or Tetra alone compared to the control, and only a small
enhancement in its expression was observed in the combined
treatment group. Furthermore, a substantial decrease in the
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Figure 4. Effects of As" and Tetra, alone or in combination, on the cell cycle
profiling and the expression level of cell cycle related-proteins in MCF-7 cells.
After treatment with various concentrations of As' (4,6 and 8 uM) and Tetra
(2, 3 and 4 pug/ml), alone or in combination, for 48 h, cell cycle analysis was
performed using a FACSCanto flow cytometer (A and B), and the expression
profile of cell cycle-related proteins was analyzed using western blotting (C)
as described in Materials and methods. Results are shown as the means + SD
from three independent experiments. Significant difference between control
and treatment with As"™ and Tetra are shown ("P<0.05 vs. control; "P<0.05
vs. As'!! alone; *p<0.05 vs. Tetra alone). Representative image of the expres-
sion profile of each protein is shown from three independent experiments.
As, As'!; Tetra, tetrandrine.

expression level of cyclin D1 was observed in cells treated with
the combination of 6 uM As™ + 3 ug/ml Tetra, and 8 uM As™
+ 4 pg/ml Tetra, respectively.

Synergistic effect between As™" and Tetra in inducing LDH
release in MCF-7 cells. After treatment with various concen-
trations of As™ and Tetra, alone or in combination, for 48
and 72 h, LDH leakage analysis was performed to examine
whether the treatments affected cell membrane integrity. As
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Figure 5. Synergistic effect between As'" and Tetra in inducing LDH release

in MCF-7 cells. After treatment with various concentrations of As" (4, 6 and
8 uM) and Tetra (2, 3 and 4 pg/ml), alone or in combination, for 48 (A) and
72 h (B), LDH leakage was measured using the LDH-Cytotoxic test kit as
described in Materials and methods. Results are shown as the means + SD
from three independent experiments. Significant difference between control
and treatment with As"' and Tetra are shown ("P<0.05 vs. control; 'P<0.05 vs.
each alone). As, As'!; Tetra, tetrandrine.

shown in Fig. 5, a dose- and time-dependent LDH leakage was
observed in MCF-7 cells treated with As'" alone. Furthermore,
the synergistic effect between As™ and Tetra in inducing
LDH leakage was observed during combination treatments,
although only slight LDH leakage was detected in the cells
treated with Tetra alone.

Activation of autophagic pathway in MCF-7 cells treated with
As™ and Tetra, alone or in combination. Western blotting
was performed to explore whether activation of an autophagic
pathway occurred in MCF-7 cells after treatment with As™
and Tetra, alone or in combination. As shown in Fig. 6, the
expression level of LC3, an autophagic marker, was dramati-
cally upregulated by Tetra. Although only a modest increase
in the expression level of LC3 was observed when treated with
As™ alone, the upregulation was further enhanced by their
combination. In order to clarify the mechanisms underlying
the signaling pathway activating autophagy, the expression
of a several of autophagy-related proteins was evaluated. The
expression levels of phosphorylated AMP-activated protein
kinase (AMPK) (phospho-AMPK) were clearly upregulated
by Tetra in a dose-dependent manner, while only a modest
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Figure 6. Expression profile of autophagy-related proteins in MCF-7 cells
treated with As™ and Tetra, alone or in combination. After treatment with
various concentrations of As™ (4, 6 and 8 uM) and Tetra (2, 3 and 4 pg/ml),
alone or in combination, for 48 h, the expression profile of autophagy-related
proteins was analyzed using western blotting as described in Materials and
methods. Representative image of the expression profile of each protein is

shown from three independent experiments. As, As'!; Tetra, tetrandrine.

upregulation was observed when treated with As™ alone. In
comparison, a remarkable upregulation of phospho-AMPK
as well as total-AMPK was observed in the cells treated with
the combination treatment. Furthermore, the alteration of the
expression levels of phosphorylated mammalian target of
rapamycin (phospho-mTOR) and total-mTOR demonstrated
an almost opposite behavior, showing a trend towards down-
regulation of their expression in the treated cells compared
to controls. These results indicate that AMPK-mediated
mTOR deactivation is involved during the autophagy induc-
tion. Similar to the alterations of the expression levels of
phospho-AMPK, the expression levels of Beclin-1 were
modestly and clearly upregulated in the cells treated with
As™, and Tetra, respectively, and the increment was further
strengthened by the combinational treatment. Intriguingly,
a dramatic increase in the expression level of Atg-7 was
observed in As"-treated cells, however, a modest increase
in its expression was observed in Tetra-treated cells. Again,
compared to the treatment with As™ or Tetra alone, their
combination treatment further enhanced the expression
levels of Atg-7.

Expression profile of survivin gene in MCF-7 cells treated
with As"™ and Tetra, alone or in combination. After treatment
with various concentrations of As™ and Tetra, alone or in
combination, for 48 h, the expression profile of the survivin
gene was analyzed using real-time PCR and western blot-
ting. Treatment with a relatively high concentration of either
As™ (6 and 8 uM) or Tetra (4 pg/ml) resulted in a significant
decrease in the expression level of survivin mRNA (Fig. 7A).
Similarly to the phenomena observed in proliferation inhibi-
tion and LDH leakage induced by As™ and Tetra, a synergistic
effect between As™ and Tetra in suppressing the expres-
sion level of survivin mRNA was also observed (Fig. 7A).
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Figure 7. Expression profile of survivin gene in MCF-7 cells treated with
As™ and Tetra, alone or in combination. After treatment with various con-
centrations of As™ (4, 6 and 8 uM) and Tetra (2, 3 and 4 pg/ml), alone or in
combination, for 48 h, the expression profile of survivin gene was analyzed
using real-time PCR (A) and western blotting (B) as described in Materials
and methods. Results are shown as the means + SD from three independent
experiments. Representative image of the expression profile of survivin
protein is shown from three independent experiments. Significant difference
between control and treatment with As™ and Tetra are shown ("P<0.05 vs.
control; "P<0.05 vs. each alone). As, As"; Tetra, tetrandrine.

Consistent with the expression profile of survivin mRNA, the
synergistic effects in suppressing its protein expression level
was further confirmed (Fig. 7B).

Enhanced As[i] along with synergistic cytotoxicity in MCF-7
cells treated with As™ combined with Tetra or Kol34.In order
to clarify the correlation between synergistic cytotoxicity and
Asli], arsenic uptake was first measured to examine whether
Tetra affected As[i] in MCF-7 cells when combined with
As™. After exposure of MCF-7 cells to 3 uM As™ alone or
in combination with 1 xg/ml Tetra for 0, 1, 2, 4 and 8 h, Asl[i]
was measured by ICP-MS. The levels of As[i] increased with
time in the cells following treatment with As™ alone (Fig. 8A).
In comparison, Tetra in combination with As™ further
enhanced the levels of As[i] in the cells (Fig. 8A). Analogous
augmentation in the levels of As[i] was also observed when
treated with As™ in combination with 2 xM BCRP inhibitor
Kol134 (Fig. 8B). In parallel, synergistic cytotoxicity was also
observed in these combinational treatments (Fig. 8C and D),
indicating the synergistic action of As™ and Tetra/Ko134 was
attributed to the enhanced As[i].

Discussion

It has been demonstrated that As™ exhibits inhibitory effects
on breast cancer cells (5-7), raising the possibility of utilizing
arsenic compounds to treat patients with breast cancer.
However, due to the lower susceptibility of solid tumors,
including breast cancer, to arsenic compounds, there is a
growing need to develop a novel therapeutic strategy aimed
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Figure 8. Enhanced As[i] along with synergistic cytotoxicity in MCF-7 cells treated with As" combined with Tetra or Ko134. After exposure of MCF-7 cells
to 3 uM As'"! alone or in combination with 1 pg/ml Tetra (A) or 2 uM BCRP inhibitor Ko134 (B), respectively, for 0, 1, 2, 4 and 8 h, As[i] was measured
by ICP-MS, as described in Materials and methods. Furthermore, cell viability was determined by XTT assay after treatment with 3 uM As'! alone or in
combination with 1 yg/ml Tetra (C) or 2 uM BCRP inhibitor Ko134 (D), respectively, for 48 h. Results are shown as the means + SD from three independent
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at improving its efficiency and reducing its side effects (8-10).
Results from this study clearly demonstrate that Tetra
significantly enhances the cytotoxicity of As™ in MCF-7 cells
in a synergistic manner as evidenced by the XTT assay, as
well as inhibition of colony formation and migration of the
cells (Figs. 1-3). Similarly, Tetra has been shown to augment
the cytocidal effects of chemotherapeutic agents, including
As™, in different types of solid tumor cells (13,14). While
QT prolongation is a major complication in As™ therapy (3),
closely related to the intracellular [Ca®*] overload induced by
As™ (42), Tetra, on the other hand, has been demonstrated to
serve as a calcium channel antagonist significantly decreasing
intracellular [Ca*] within ventricular cells (43). Collectively,
the combination regimen of Tetra and As™ may be expected not
only to achieve improved efficacy of As™, but also overcome
its adverse cardiac effects secondary to Tetra functioning as
calcium channel blocker (44).

Cell cycle arrest, necrosis, as well as autophagic cell
death have all been viewed as the major underlying mecha-
nisms for the cytocidal effects of most drugs used against
tumors (7,13,15-18). To examine the probable mechanisms
underlying the cytocidal effect of the combination of As™ and
Tetra, cell cycle arrest was first examined in MCF-7 cells treated

with As™ and Tetra, alone or in combination. A clear G,/G, cell
cycle arrest was observed when treated with As™ alone, and
was slightly strengthened by the addition of Tetra (Fig. 4A).
These findings are supported by previous studies showing that
As™ inhibits the cellular proliferation of MCF-7 cells via a G,
and/or G,/M phase arrest (7,45). We further demonstrated that
the expression level of FOXO3a, was upregulated by As™ and
Tetra, both alone and then further enhanced by their combina-
tion (Fig. 4C).

FOXO3a has been implicated in cell cycle arrest leading
to growth inhibition via upregulation of p21, p27 and down-
regulation of cyclin D1 in various cancers including breast
cancer (2,20-22). In line with these previous findings, a
concomitant increase and decrease in the expression levels
of p21, p27, and cycline DI, respectively, was observed in
MCF-7 cells treated with As™ and/or Tetra, although a syner-
gistic effect on the alteration of each gene was not clear in
the combined treatment group (Fig. 4C). We have also noted
that the magnitude of cell cycle arrest does not completely
correlate to the degree of alterations in the expression level
of the above-mentioned cell cycle arrest-related genes. In this
regard, besides contributing to cell cycle arrest, upregulation
of FOXO3a expression is known to inhibit migration and
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invasion of different types of solid tumors such as gastric and
renal cancer through inactivating epithelial-mesenchymal
transition (EMT) of cancer cells as a result of downregulation
of SNAILI, a key regulator of EMT (23,24). Therefore, our
results suggest that the alterations of FOXO3a along with p21,
p27, cyclin DI are responsible for not only G,/G, cell cycle
arrest but also migration inhibition of MCF-7 cells induced by
As™ and/or Tetra, although a more thorough analysis must be
performed to confirm this correlation.

We further demonstrated that combining Tetra with As
synergistically induced LDH release in MCF-7 cells (Fig. 5).
Since the release of LDH provides an accurate measure of
the cell membrane integrity and cell viability (15,33), our
results suggest the involvement of necrotic cell death in
the synergistic action of the combination. As"™ has been
demonstrated to induce necrotic cell death through a regu-
lated, Bcl-xL-sensitive mitochondrial pathway that is largely
caspase-independent, providing a plausible explanation for
its capability of triggering cell death in a variety of drug-
resistant cell types including tumor cells even with defects in
caspase activation (46).

Induction of autophagy by various anticancer drugs
has also been suggested as a potential therapeutic strategy
for cancer (16,25,47,48). In this respect, Tetra is known to
function as a potent agonist for cell autophagy in numerous
cancer cells including breast cancer cells (47,49). Moreover,
autophagy has been demonstrated to partially contribute to
AsM-mediated cytotoxicity in human glioma and fibrosar-
coma cells in vitro and in vivo (25,50). In line with previous
reports, autophagy induction was clearly observed in MCF-7
cells treated with As"™ and Tetra, alone or in combination,
as evidenced by the marked increase in expression levels
of LC3, an autophagic marker (16,47,48), along with the
activation of the autophagic pathway involving a number of
important molecules including phospho-AMPK, Beclin-1,
and Atg-7 (Fig. 6). It is well known that AMPK is key energy
sensor and an upstream promoter of autophagy induction (22),
and that Beclin-1 is an autophagic mediator which is deleted
in 50% of breast tumors (18,51). Atg-7 is also known as a key
player in autophagosomes formation and to be involved in
plant-derived polyphenol-mediated autophagic cell death in
breast cancer cells (48). Our results suggest that the syner-
gistic cytotoxic effect of As™ and Tetra against MCF-7 cells
should be attributed to G,/G; cell cycle arrest, LDH leakage,
and autophagy induction.

The cancer-associated protein survivin is highly expressed
in most human tumor cell lines, in particular breast and lung
cancer cell lines (52). Therefore, the inhibition of survivin has
been pursued as a compelling strategy for cancer therapy (53).
Besides its critical role in apoptosis inhibition, survivin is also
known to regulate cell cycle arrest and autophagy (25-28).
Lee et al have demonstrated that suberoylanilide hydroxamic
acid (SAHA), a novel histone deacetylase inhibitor, induces
autophagy and cell viability reduction in human breast cancer
cells by downregulating the expression of survivin, as a result
of inducing survivin protein acetylation and impairing its
stability (26). Chiu er al also demonstrated that As™-induced
autophagy was paralleled by the downregulation of survivin
in human glioma cells in vitro and in vivo (25). In this study,
the synergistic inhibitory effect of As™ and Tetra on the

111

YAO et al: SYNERGISTIC CYTOTOXIC EFFECTS OF ARSENITE AND TETRANDRINE IN MCF-7 CELLS

expression levels of survivin was observed (Fig. 7). Taking the
previous results and our observations into account, we suggest
that survivin plays a vital role in the cytocidal effects of the
combined regimen of As™ plus Tetra, leading to potentially
new options for the combination therapy in patients with breast
cancer.

Since drug action usually requires uptake of the drug, it
was considered that As[i] might determine the sensitivity of
cancer cells to arsenic compounds (3). Enhanced As[i] along
with synergistic cytotoxicity was observed in our experiments,
suggesting a positive correlation between synergistic cytotox-
icity of combination treatment and enhanced As[i] in MCF-7
cells. Wang ef al (31) have demonstrated that Tetra enhances
cytotoxicity of cisplatin in human drug-resistant esophageal
squamous carcinoma cells by inhibition of MRP1, which is
also known to be involved in the efflux of As™ (3). We previ-
ously demonstrated that Tetra can serve as a potent inhibitor
of MDRI1 (also known as P-glycoprotein, P-gp) to reverse
multidrug resistance to anticancer drugs such as daunorubicin,
vinblastine and doxorubicin in a human T lymphoblastoid
leukemia MOLT-4 MDR cell line (30), although the roles
of P-gp in arsenic efflux remain controversial (3). Despite
the fact that BCRP is known to mediate concurrent resis-
tance to chemotherapeutic agents including mitoxantrone,
doxorubicin, and daunorubicin in MCF-7/AdrVp, a multidrug-
resistant human breast cancer subline (54), its relevance
for resistance to arsenic is unknown. By demonstrating the
enhanced As[i] along with the synergistic cytotoxicity in
MCEF-7 cells when treated with As'™ combined with Ko134,
this suggests for the first time the possibility of manipulating
BCRP to overcome the resistance to the arsenic-based
regimens, although a previous study reported that BCRP-
overexpressing MDA-MB-231-BCRP cells were not more
resistant to As"" than their drug-sensitive counterparts (55).
Therefore, further studies need to be launched in order to
draw a solid conclusion about the involvement of BCRP in
arsenic resistance. Collectively, our results imply that Tetra
and/or BCRP inhibitor probably intervene in the occurrence
of resistance to arsenic therapy by enhancing the As[i] via
modulation of multidrug efflux transporters such as MRPI,
P-gp, and BCRP.

Our results suggest that Tetra can be a useful combination
anticancer agent to enhance the therapeutic effect of As™
for patients with breast cancer by enhancing the As[i] and
consequently strengthening As™-mediated growth inhibition
associated with cell cycle arrest, necrosis, and autophagic cell
death, all of which seemed to be related to the downregulation
of survivin. Therefore, these results may provide a rational
molecular basis for the combination regimen of As™ plus
Tetra, facilitating the development of As™-based anticancer
strategies or combination therapies for patients with solid
tumors, especially breast cancer.
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