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Arsenic trioxide inhibits breast cancer cell growth via
microRNA-328/hERG pathway in MCF-7 cells
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Abstract. Arsenic trioxide (As,0;) has been widely used in
the treatment of acute promyelocytic leukemia and has been
observed to exhibit therapeutic effects in various types of
solid tumor. In a previous study by this group, it was shown
that As,O; induces the apoptosis of MCF-7 breast cancer cells
through inhibition of the human ether-a-go-go-related gene
(hERG) channel. The present study was designed to further
investigate the effect of As,O; on breast cancer cells and to
examine the mechanism underlying the regulation of hERG
expression. The present study confirmed that As,O; inhibited
tumor growth in vivo, following MCF-7 cell implantation into
nude mice. Using computational prediction , it was identi-
fied that microRNA (miR)-328 had a binding site in the
3'-untranslated region of hERG mRNA. A luciferase activity
assay demonstrated that hERG is a target gene of miR-328.
Further investigation using western blot analysis and reverse
transcription-quantitative polymerase chain reaction revealed
that As,0O; downregulated hERG expression via upregulation
of miR-328 expression in MCF-7 cells. In conclusion, As,O;
was observed to inhibit breast cancer cell growth, at least in
part, through the miR-328/hERG pathway.

Introduction

Arsenic trioxide (As,0;) has been used medicinally for
>2 400 years for conditions ranging from infectious diseases
to cancer (1). It was not until 1970, that researchers at Harbin
Medical University observed its ability to treat acute promy-
elocytic leukemia (2,3). As,O; has also been demonstrated to
exert inhibitory effects in various types of cancer. In MGC-803
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human gastric cancer cells, As,0; was shown to inhibit cell
growth and to induce cell apoptosis (4). Similar findings were
observed in esophageal carcinoma (5), neuroblastoma (6),
prostate and ovarian carcinoma (7), and breast cancer (8) cells.
Several mechanism of action involved in the As,O;-induced
apoptosis of cancer cells have been identified (8,9).

The human ether-a-go-go-related gene (hERG) is expressed
in a number of tumor cell lines of various histogenetic origins,
although is not present in the corresponding healthy cells,
which indicates an association between hERG expression
and the development of cancer (10-12). In a previous study by
this group, it was identified that As,O; induces the apoptosis
of MCF-7 breast cancer cells via inhibition of hERG chan-
nels (13). To date, the molecular mechanisms underlying the
regulation of hERG expression in breast cancer cells remain
to be elucidated.

MicroRNAs (miRNAs/miRs) are a class of evolutionarily
conserved, endogenous non-coding RNAs of ~22 nucleotides
in length. They regulate gene expression at the post-transcrip-
tional level by binding to the 3'-untranslated region (UTR)
of the target mRNA. Altered expression of miRNAs has
been demonstrated to be involved in cancer development and
progression. To date, a number of downregulated miRNAs
identified in breast cancer have also been shown to be associ-
ated with apoptosis (14,15) and metastasis (16,17).

Through computational prediction, it was shown that
miR-328 may target the 3'-UTR of hERG mRNA. These find-
ings prompted the hypothesis that As,0; may inhibit breast
cancer cell growth via the miR-328/hERG pathway. The
present study was conducted to assess this hypothesis.

Materials and methods

Materials. As,0; was obtained from Jiangsu Yida Chemical
Co., Ltd. (Jiangyin, China) and was diluted with phos-
phate-buffered saline (PBS) to prepare a 10 mM stock solution,
which was stored at 4°C in darkness.

Cell line and cell culture. The MCF-7 human breast cancer
cell line was obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells were maintained
in RPMI-1640 (Hyclone, Logan, UT, USA) supplemented with
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10% fetal bovine serum (Hyclone) in a humidified atmosphere
with 5% CO, at 37°C.

In vivo tumor xenograft model. A total of 30 female BALB/c
nude mice (nu/nu, 8 weeks old) were obtained from the Third
Affiliated Hospital of Harbin Medical University (Harbin,
China). The MCF-7 cells were inoculated subcutaneously
into the flank of each mouse (5x10°cells in 200 ul PBS) (18).
At 2 weeks following tumor implantation, the mice were
randomly divided into three groups each containing 10 mice.
The As,O;-treated groups were injected daily with 4 or 8 mg/kg
of As,O; for 7 days The control group was administered with
an equal volume of saline. Tumor size was measured using
calipers and the volume was calculated according to the
formula: V = L x W?/2, where L and W represent the length and
width, respectively. The mice were weighed twice a week. Any
investigations using the mice were performed in compliance
with the guidelines of the Institute for Laboratory Animal
Research, Mudangjiang Medical University.

Luciferase assay. The 3'-UTR of the hERG mRNA was
obtained by polymerase chain reaction (PCR) amplification,
and the PCR product was inserted into the firefly luciferase
gene reporter construct (pMIR-REPORTTM; Ambion
Life Technologies, Austin, TX, USA) as described previ-
ously (19). Mutation of the hERG sequence was created using
a Quick Change Site-Directed Mutagenesis kit (Stratagene,
Santa Clara, CA, USA). The miR-328 precursor (pre-miR-328)
and a control precursor (scramble) were purchased from
Ambion Life Technologies.

For the luciferase assay, HEK-293 cells were co-transfected
with wild-type or mutant hERG 3'-UTR luciferase reporter
plasmid, and pS-Neg or miR-328 expression plasmid, using
Lipofectamine® 2000 (Invitrogen Life Technologies, Carlsbad,
CA, USA). The luciferase activity was determined using a
dual luciferase reporter assay system (Promega Corporation,
Madison, WI, USA) at 48 h following transfection, according
to the manufacturer's instructions.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from MCF-7 cells using TRIzol® reagent
(Invitrogen Life Technologies) according to the manufacturer's
instructions. miR-328 levels were quantified using the mirVana
qRT-PCR miRNA detection kit (Ambion Life Technologies),
according to the manufacturer's instructions. Variations in the
expression of miR-328 between different RNA samples were
calculated following normalization to levels of U6.

Western blot analysis. Western blot analysis was conducted
as described previously (20). The cells were washed with cold
PBS and lysed in lysis buffer [western blot lysate: protease
inhibitor cocktail (100:1); Beyotime Institute of Biotechnology,
Haimen, China]. The concentration of proteins was determined
using a bicinchoninic protein assay kit (Beyotime Institute of
Biotechnology). The samples were electrophoresed using 10%
SDS-PAGE. Following electrophoresis, the gels were trans-
ferred onto nitrocellulose membranes via electroblotting and
blocked in 5% non-fat milk in PBS for 2 h. Subsequently, the
membrane was incubated with polyclonal rabbit anti-hERG
antibody (cat.no. sc-20130; 1:200 dilution; Santa Cruz
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Biotechnology, Inc., Santa Cruz, CA, USA) and polyclonal
rabbit anti-GAPDH antibody (cat. no. sc-25778; 1:1,000 dilu-
tion; Santa Cruz Biotechnology, Inc.) in PBS and incubated
at 4°C overnight. The following day, the membranes were
washed three times with PBS for 5 min at room temperature
and subsequently incubated with HRP-conjugated anti-rabbit
IgG polyclonal secondary antibodies (1:10,000 dilution; cat.
no. sc-2357, Santa Cruz Biotechnology, Inc.) for 2 h at room
temperature. The Odyssey infrared fluorescence scanning
system (LI-COR Biosciences, Lincoln, NE, USA) was used
to detect protein bands. The intensity of the bands was deter-
mined by densitometry using Odyssey version 1.2 software
(LI-COR Biosciences, Lincoln, NE, USA).

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation for three repeated experiments. Student's t-test
and SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) were used for
statistical analysis. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

As,O; inhibits tumor growth in MCF-7-inoculated nude mice.
In order to examine the effect of As,O; on breast cancer cells
in vivo, human tumor xenografts were investigated in nude
mice. The size of the tumor was measured, as shown in Fig. 1,
in mice treated with 4 and 8 mg/kg, and As,O;-treated mice
exhibited significant tumor growth retardation. The tumor
volume of the non-treated mice increased between 1.19+0.31
and 3.18+0.67 cm?, in comparison with mice treated with
4 mg/kg As,O;, which exhibited significant growth retardation,
with tumor growth of between 0.74+0.30 and 0.97+0.57 cm®.
Notably, for the groups treated with 8 mg/kg As,O;, the tumor
volume decreased between 1.44+0.55 and 1.02+0.42 cm®.
Regarding side effects of As,Os, no signs of toxicity were
observed between the different groups, as judged at autopsy
(data not shown). The present results indicated that As,O; is
effective in inhibiting tumor growth in MCF-7-inoculated
nude mice.

As,0; upregulates expression of miR-328 and downregu-
lates expression of hERG. In order to further examine the
mechanism underlying the regulation of hERG expression,
the 3'-UTR of hERG was analyzed using the online databases,
TargetScan Human version 6.2 (http://www.targetscan.org)
and miRBase version 20.0 (http:/www.mirbase.org), to iden-
tify potential interacting miRNAs. miR-133 and miR-328 were
selected as likely interactors. Of the two selected miRNAs,
miR-133 has been previously described as a muscle-specific
miRNA, which has been investigated primarily with regard
to the heart (21,22). Therefore, miR-328, a known tumor
suppressor, was selected for further analysis.

Initially, the expression of miR-328 and hERG was
detected in MCF-7 cells. The level of miR-328 was determined
using RT-qPCR after MCF-7 cells had been treated with
8 uM As,0O; for 48 h. As shown in Fig. 2A, the expression of
miR-328 in the treated cells increased by 56+0.34% compared
with the level in non-treated cells. Subsequently, the level of
hERG was determined using western blot analysis, following
treatment of MCF-7 cells with 8 uM As,O; for the same time
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Figure 1. As,O; inhibits tumor growth in nude mice with tumor xenografts. Left panel, images of tumor-bearing nude mice with or without As,O; treatment
at 7 and 13 days following initial inoculation. Scale bar = 1 cm. Right panel, tumor volume of nude mice with tumor xenografts. Following tumor inoculation,
nude mice were administered daily with saline and 4 or 8 mg/kg As,O; over 7 days (n=5 mice for each group). Tumor volume was measured and plotted in the

graph. "P<0.05, versus control and “P<0.01, versus control.
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Figure 2. Expression of miR-328 and hERG in As,O;-treated MCF-7 human breast cancer cells. (A) As,O; upregulates miR-328 in MCF-7 cells. Total
RNA extracted from MCF-7 cells was used to analyze miR-328 expression by reverse transcription-quantitative polymerase chain reaction. (B) As,O;
downregulates hERG in MCF-7 cells. Whole cellular lysates extracted from MCF-7 cells were used to analyze hERG protein expression by western blot
analysis. Results are representative of three separate experiments. ‘P<0.05, versus control. hERG, human ether-a-go-go-related gene; miR, microRNA;

As,0;, arsenic trioxide.

period. As shown in Fig. 2B, the expression of hERG in the
treated group decreased by 41+0.11% compared with that in
the control group. It was therefore hypothesized that there is
an inverse correlation between miR-328 and hERG protein
expression levels.

hERG is a direct target of miR-328. It was hypothesized that
miR-328 interacts directly with the 3'-UTR of hERG mRNA
to suppress hERG expression. In order to assess this hypoth-
esis, the ability of miR-328 to regulate the 3'-UTR of hERG
was evaluated using luciferase reporter assays. The region
from nucleotide +77 to nucleotide +83 of the hERG sequence
(NM-001204798) was cloned downstream of a reporter lucif-
erase gene (Fig. 3A).

HEK-293 cells were co-transfected with reporter plasmid
and pre-miR-328/scramble miR. As a result, co-transfection of

synthetic miR-328 and hERG-wildtype reduced the luciferase
activity by ~46%, which was a significant difference compared
with the scramble group. However, co-transfection of miR-328
in cells transfected with hERG-mutant did not significantly
affect luciferase activity (Fig. 3B).

The most straightforward prediction from the luciferase
reporter assay would be that ectopic expression of miR-328
should reduce hERG protein levels in MCF-7 cells. In order
to further investigate the interaction between miR-328 and
hERG, MCF-7 cells were transfected with pre-miR-328.
Following pre-miR-328 transfection in MCF-7 cells (Fig. 3C),
western blotting was conducted to measure the level of hERG
protein. It was identified that the expression of hERG protein
was downregulated by ~37% in pre-miR-328-treated MCF-7
cells. These data suggested that miR-328 directly recognizes
the 3'-UTR of hERG mRNA and inhibits hERG translation.
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Figure 3. hERG is experimentally validated as a direct target of miR-328
in breast cancer cells. (A) Sequence of the miR-328 binding sites within the
hERG 3'-UTR and a schematic diagram of the reporter constructs demon-
strating the entire hERG 3'-UTR sequence (hRERG-WT) and the mutated
hERG 3'-UTR sequence (hRERG-MUT; the mutant nucleotides of the miR-328
binding site are underlined). (B) Luciferase activity of the hRERG-WT reporter
and the hERG-MUT reporter in the presence of 10 nmol/l pre-miR-328 or
scramble. (C) Effect of miR-328 on the expression of hERG protein in MCF-7
cells. Quantitative analysis was performed with GAPDH as an internal
control. “P<0.01, versus control. hERG, human ether-a-go-go-related gene;
miR, microRNA; As,O;, arsenic trioxide; UTR, untranslated region; WT,
wildtype; MUT, mutant; hsa, human miRNA.

Discussion

Breast cancer is the most common type of cancer and is the
leading cause of cancer-associated mortality in females,
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accounting for 25% of new cancer cases and 15% of the total
global cancer-associated mortality in 2012 (23). Although
important advances have been made in the early detection,
prevention and treatment of breast cancer, chemotherapy
remains the primary method of treatment, which leads to
cumulative toxicity and has additional tolerability prob-
lems (24). An improved knowledge of tumor biology is
providing the opportunity to treat breast cancer with a new
class of anticancer drugs.

hERG is overexpressed in numerous types of cancer in
humans, including endometrial cancer, leukemia, melanoma
and neuroblastoma, and inhibition of the hERG channel
may reduce cancer cell growth and proliferation (25-27).
Furthermore, this group has recently demonstrated that As,Os
induces the apoptosis of MCF-7 cells through inhibition of the
hERG channel (13). However, the mechanisms that regulate
the expression of the hERG channel remain to be elucidated.
Therefore, an objective of the present study was to identify
potential miRNAs that are able to regulate hERG expression
in human breast cancer cells.

The studies discussed thus far on miRNAs, reflect their
ability to act as onco-miRNAs or oncosuppressor-miRNAs, by
favoring or inhibiting tumor progression. In the present study,
it was identified that in MCF-7 breast cancer cells, miR-328 is
able to target the 3'UTR of hERG and to decrease its level of
expression, thus suggesting that by maintaining hERG expres-
sion at a low level, the activity of miR-328 may contribute to
tumor suppression.

In previous years, a number of miRNAs have been
implicated in the development of human breast cancer.
Torio et al (28) first demonstrated miRNA dysregulation
in human breast cancer. The authors found that miR-10b,
miR-125b and miR-145 were downregulated, while miR-21
and miR-155 were upregulated, suggesting that they may act as
potential tumor suppressor genes or oncogenes. Subsequently,
additional functional studies were conducted in order to iden-
tify specific miRNAs involved in breast cancer. Wang et al (29)
observed that miR-145 was downregulated in MCF-7 cells, and
overexpression of miR-145 suppressed MCF-7 cell growth and
induced apoptosis. Kong er al (30) demonstrated that miR-155
induces cell survival by targeting forkhead box O3a in breast
cancer cells. Song et al (31) revealed that miR-21 negatively
regulates TIMP metallopeptidase inhibitor 3 expression in
breast cancer cells and promotes breast cancer invasion in
multiple cell lines in vitro.

miR-328 expression in human cancer has not been exten-
sively investigated thus far. Previously, miR-328 has been
shown to be expressed in the small intestine and liver (32).
Furthermore, it appears to be downregulated in high-grade
gliomas (33) and a previous study demonstrated that it was
also downregulated in the human colorectal cancer cell lines,
HT29, HCT116 and HCTS8 (32). In 5-Fluorouracil-treated
MCF-7 cells, the expression of miR-328 increased in compar-
ison with control cells (34). Similar results were observed in
the present study, where miR-328 expression was upregulated
in As,O;-treated MCF-7 cells.

Notably, miR-328 has been demonstrated to have dual
actions in the regulation of cell functions, through base
pairing with mRNA targets and via a decoy activity that
interferes with the function of regulatory proteins (35). A
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recent study demonstrated that miR-328 was able to target the
3'UTR of the breast cancer resistance protein, ATP-binding
cassette sub-family G member 2 (ABCG2) and, conse-
quently, repress ABCG2 protein expression and increase
cancer cell sensitivity to drug treatment (36). miR-328 is
also closely associated with cell cycle progression. It may
increase proliferation of HeLa and SKBr3 cells, via down-
regulation of protein tyrosine phosphatase, receptor type, J
expression (37). Furthermore, ectopic miR-328 expression
in glioblastoma cells may significantly suppress cell prolif-
eration (33). Thus, the role of miR-328 in a appears to be
dependent on the particular cell type involved.

The present data revealed that miR-328 expression is
inversely correlated with hERG expression in MCF-7 breast
cancer cells. However, the mechanisms underlying the regula-
tion of miR-328 in human cancer remain to be elucidated and
therefore require further investigation.

In conclusion, the results of the present study demonstrated
a novel mechanism for the regulation of hERG expression by
miR-328 in breast cancer cells, indicating that miR-328-hERG
signaling mediated by As,O; may represent a novel therapeutic
target for breast cancer.
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