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miR-493 inhibits proliferation and invasion in pancreatic
cancer cells and inversely regulated hERG1 expression
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Abstract. The human ether-a-go-go-related potassium
channel 1 (hERG1) is a component of the voltage-gated Kv11.1
potassium channel, which has been recently indicated to have a
crucial role in the tumorigenesis of multiple tumors, including
pancreatic carcinoma. Pancreatic carcinoma is one of the most
malignant human cancer types, which has an extremely poor
prognosis. The present study demonstrated that the expression
levels of hERGI were markedly elevated in pancreatic
cancer tissues and pancreatic cancer cell lines, and that the
abnormal hERGI1 expression was significantly associated
with the proliferation and invasion ability of pancreatic
cancer. Furthermore, hERG1 was identified to be a direct
target of miR-493, which is generally reduced in pancreatic
cancer tissues and cell lines. These findings provide a novel
insight into the regulatory mechanism of miR-493/hERGI1
in pancreatic cancer cell proliferation and invasion, which
may aid the development of novel diagnostic and therapeutic
strategies for pancreatic cancer in the future.

Introduction

Pancreatic cancer (PC) is one of the most aggressive
malignancies in the world with an extremely low 5-year
survival rate (1,2). To date, detection and diagnosis of PC is
difficult on account of the lack of diagnostic markers. When
the patients were diagnosed with PC, most of them developed
an aggressive form of disease which limits the potential for
therapeutic intervention (3). Although surgery is the primary
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way of treatment, pharmacological treatments are also an
important adjuvant to surgery. During the past decades,
studies have tried to understand the undelying molecular and
signaling mechanisms that regulate the development of PC so
that better therapy strategies may be developed (4-6).

At this stage, plenty of researches have demonstrated that,
during the the occurrence and development of PC, several
genetic and epigenetic changes have taken place, such as DNA
methylation, microRNA (miRNAs) expression profile and so
on (7-9). However, minimal improvements have been made in
the prevention and treatment of PC due to the lack of a funda-
mental target. Therefore, there is an urgent need to develope a
new associated factors or novel therapeutic targets in PC.

The human ether-a-go-go-related potassium channel
(hERG), also known as KCNH2 or Kvl1.1, plays an impor-
tant role on the terminal repolarization in human ventricular
myocytes (10). Several clinically successful drugs have a
tendency to inhibit hERG, leading to the risk of adverse drug
reactions with QT interval prolongation syndrome or sudden
death during use (11,12). In recent years, increasing evidence
has demonstrated that plasma membrane ether-a-go-go-related
potassium channel 1 (hERGI) potassium (K+) channels are
required for cell proliferation and have essential roles in
many crucial cellular events such as apoptosis, migration and
invasion (13-15). However, research examining the function
of hERGI1 in human PC are rare and the underlying mecha-
nisms regulating hERGI expression in PC progression remian
largely unknown.

miRNAs are highly conserved small noncoding RNAs that
recognize and bind to the 3'UTR of targeted mRNAs resulting in
translational repression. More than half of the known miRNAs
have been shown to participate in human tumorigenesis and/or
metastasis by directly targeting oncogenes or tumor suppressor
genes (16,17). Numerous profiling studies over the past decade
have shown that the miRNAs play pivotal roles in multiply
human cancers, including PC (18-20), which thereby being
potential cancer biomarkers in PC. Based on the previous
research about the miRNA expression profile in PC (21) and
the result that we profiled Targetscan and miRBase databases
to explore miRNAs which has putative binding sites with
hERGI1 gene (KCNH2), we selected miR-493 as a potential
regulator in PC progression.
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In the present study, we provide evidences that miR-493
was essential in the regulation of proliferation and invasion of
PC cells, and the underlying molecular mechanism potentailly
lied in the regulation of hERG channel expression, which
shed a new light in understanding of how miRNAs act in
tumorigenesis and provide novel therapeutic strategies in PC
treatment.

Materials and methods

Tissue samples. Tissue samples were collected from patients
diagnosed with PC and underwent surgery at The Third
Affiliated Hospital of Harbin Medical University (Harbin,
China). The samples were frozened and stored at -80°C until
total RNA or protein was extracted. All patients have signed
the consent to the research. The Research Ethics Committee
of Harbin Medical University (Harbin, China) approved the
study.

Cell culture and transfection. Human PC cell lines PANC-1
and CFPAC-1 and the human pancreatic cell line (HPDE)
were purchased from the Chinese Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Cells were main-
tained in DMEM (Hyclone; GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) at 37°C in a humidified atmosphere of 5% CO,.
miR-493 mimic and antisense oligodeoxyribonucleotide
(AMO) were obtained from GenePharma (Shanghai, China).
All the cell transfections were performed according to the kit
instruction (X-tremeGENE; Roche Diagnostics, Indianapolis,
IN, USA). Cells were studied within 8 h of harvest.

Luciferase assay. As miR-493 was identified as the potent
regulator of HERGI levels by Targetscan database, next it
was examined whether HERGTI is a direct target of miR-493.
Briefly, the miR-493-binding site in the 3'-UTR region of
HERGI (wild or mutant type) was cloned into the downstream
of the firefly luciferase gene in a pGL3-promoter vector
(Promega, Madison, WI, USA). Next, the plasmid DNA
(wild-type or mutant pGL3-hERGI-3' UTR; 500 ng/ml) and
miR-297 mimics (100 nM) were transfected into cells using
Lipofectamine 2000 for 48 h. Firefly luciferase activity
was analyzed by Dual-Luciferase Reporter Assay System
according to the manufacturer's protocol (Promega) and was
normalized to the Renilla luciferase activity.

Cell proliferation assay. The cell proliferation was determined
by MTT assay. Briefly, cells were seeded in 96-well plates at
1x10° cells/well and maintained for 24 h to allow cell adhesion.
Subsequently, the cells were incubated with 30 ul of MTT
(5 mg/ml) for 4 h. Afterwards, the foramazan crystals were
dissolved in 100 1 DMSO, and the absorbance was measured
at 570 nm by using a microplate reader (Olympus, USA). The
viability of treated samples was assessed by comparison with
negative control. Each experiment was tested in triplicate.

Invitro cell invasion assays. The invasion assay was performed
with 24-well plates coated with 100 ul of Corning Matrigel
Basement Membrane Matrix (BD Biosciences, San Diego,

7399

CA, USA). Cells were seeded on to the Matrigel coated wells
(3x10* cells/cm?). After 24 h, the cells migrated to the bottom
surface of the membrane were fixed in 4% paraformaldehyde
in PBS. Once fixed, the cells were stained with crystal violet
for 10 min at room temperature and then the pictures were
captured by using a fluorescence microscope (Nikon Corp.,
Tokyo, Japan). Data were expressed as the average number of
cells per insert.

RNA extraction and real-time quantitative PCR. Total RNA
from mouse tissues was extracted using TRIzol reagent
(Invitrogen, the Netherlands). The concentration of RNA
was detected by a NanoDrop Spectrophotometer (NanoDrop
Technologies; Thermo Fisher Scientific, Inc., Wilmington,
DE, USA). Synthesis of hERG1 ¢cDNA was carried out using
a universal reverse transcription kit (Takara, Dalian, China),
while a poly(A) tail was added to the miRNAs for miR-493
cDNA synthesis. Real-time PCR was performed using the
SYBR-Green PCR Master Mix (Roche) and the ABI 7500
Real-Time PCR System (Life Technologies, Grand Island, NY,
USA). PCR amplification was performed in a total volume of
20 ul with 2 ul cDNA, 6 ul DEPC, 10 ul SYBR-Green Master
Mix, 1 pl forward primer and 1 ul reverse primer. PCR condi-
tions were as follows: 40 cycles of 95°C for 15 sec, 60°C for
15 sec, and 72°C for 45 sec. After circle reaction, the threshold
cycle (Ct) was determined, and relative miR-493 and hERGI1
were calculated based on the Ct values and normalized by U6
or GAPDH level respectively in each sample.

Western blot analysis. For the western blot analysis, the total
protein of the tissues and cells were harvested with radioim-
munoprecipitation assay buffer (RIPA) containing 1% protease
inhibitor (Sigma, St. Louis, MO, USA) and the protein concen-
tration was determined by BCA Protein Assay kit (Thermo
Scientific, USA) Samples were loaded to 8% SDS-PAGE
gels and transferred onto PVDF (Pall Life Sciences, Port
Washington, NY, USA) membrane by electrophoresis. After
2 h blocking with 5% nonfatmilk in PBS, membranes were
incubated with hERGI antibody (1:1,000 dilution) or mono-
clonal GAPDH antibody (1:3,000) overnight at 4°C with gentle
shaking. Afterwards, secondary antibody labelled with fluoro-
chrome dyes (Alexa Fluor 800; LI-COR Biosciences, Lincoln,
NE, USA) was used. Finally, immunoreactivity was detected
with the Odyssey fluorescent scanning system (LI-COR
Biosciences) and the band densities were quantified by densi-
tometry, using Scion Image software (Scion, Frederick, MD,
USA). Data were normalized to GAPDH expression levels.

Statistical analysis. Data are expressed as mean + standard
error of mean (mean + SEM) in triplicate experiments and
analyzed with SPSS 13.0 software. A one-way analysis
of variance or Student's t test was used to determine the
significance of differences between control and test groups.
P=<0.05 was considered to indicate a statistically significant
difference (two-tailed).

Results

hERG] is upregulated in human PC. In order to explore the
role of hERGI in pancreatic carcinogenesis, the mRNA and
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Figure 1. The expression patterns of hRERGI in PC tissues and cell lines. (A and B) qRT-PCR and western blot analysis of hERGI1 expression in PC tissues and
the paired adjacent noncancerous tissues (n=20). (C) Part of the representative western blot results of hERG1 in PC tissues and paired adjacent noncancerous
tissues. (D and E) The mRNA and protein expression of hERG1 in normal HPDE and PC cell lines (PANC-1, CFPAC-1). n=3; "P<0.05. hERGI, human
ether-a-go-go-related potassium channel 1; PC, pancreatic cancer; HPDE, human pancreatic cell line.

protein expression of hERGI was detected by qRT-PCR and
western blot analyses. Twenty pairs of PC patient tissues and
matched noncancerous tissues were collected in this research.
There were 14 males and 6 females with a medium age at
63 years old. As shown in Fig. 1A-B, the hERGI1 was found
to be significantly upregulated in PC tissues compared to the
noncancerous tissues. Meanwhile, we also evaluated hERG1
levels in HPDE, PANC-1, CFPAC-1 cells. The results (Fig. 1D
and E) showed that the expression level of hERGI in the PC
cell lines (PANC-1, CFPAC-1) is obviously higher than that in
the normal HPDE. These findings suggested that hERGl1level
may has a potential correlation with the pathogenesis of PC.

MiR-493 is downregulated in PC and directly targets hERGI.
miRNA is one of the most important epigenetic regulators in
human cancers. Based on the predictive results of bioinfor-
matics tools and the expression profile of miRNA from previous
study in PC, we found that miR-493 has potential biding sites
with the 3'UTR of KCNH2 mRNA, which is the coding gene

for hERGL. To validate the actual relationship of miR-493 and
hERGTI in PC, we firstly explored the level of miR-493 in 20
pairs of PC tissues and matched noncancerous tissues. As is
expected, miR-493 showed obvious decrease in all the tumor
tissues (Fig. 2A). The results from PC cell lines were in accor-
dance with that in PC tissues (Fig. 2B). Therefore, miR-493 is
most likely to be the important regulator of hRERGI in PC cells.

Then we conducted luciferase assay to investigate the
direct interaction between miR-493 and hERGI. In order to
verify this direct targeting relationship, the miR-493 binding
sequence in the 3'-UTR of hERGI and the mutated 3'-UTR
sequence were inserted into the downstream of the firefly
luciferase reporter gene in a pGL3-promoter vector and then
co-transfected with miR-493 mimics, inhibitors or negative
control, respectively into PANC-1, CFPAC-1 cells. As shown
in Fig. 3, the relative luciferase activity in PANC-1 or CFPAC-1
cells co-transfected with pGL3-hERGI and miR-493 mimics
was significantly decreased by nearly 40% compared with
that in the negative control (NC) group, while the relative



ZHI et al: miR-493/hERG1 IN PANCREATIC CANCER

A 157
*
?)9 1 1
@
= [ ]
[=]
N
g 1.0 o
o
>
[1}]
@ [ )
g o®
o
£ 0.5+
2
©
&
o [ |
0.0 T T
MNon-tumor Tumor

7401

Relative miR-493 expression level

0.0 .

HPDE CFPAC-1

PANC-1

Figure 2. (A) The relative expression of miR-493 in PC tissues and paired adjacent noncancerous tissues (n=20). (B) The relative expression of miR-493 in PC
cell lines. n=3. "P<0.05. HPDE, human pancreatic cell line; PC, pancreatic cancer.
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Figure 3. hERGI is a direct target of miR-493. (A) The putative biding sites of miR-493 in the hERGI 3'-UTR sequence. (B) The nucleotide sequence of
miR-493 binding sites within the hERG1 3'-UTR region and the mutated nucleotides in miR-493 binding sites. (C) hERG1-WT and the hERG1-Mut reporter
luciferase activity in PANC-1 and CFPAC-1 cells treated with miR-493 mimics, inhibitors or negative control, respectively. All data are shown as mean + SD.
n=3; "P<0.05. hERGI1, human ether-a-go-go-related potassium channel 1; Mut, mutated; WT, wild-type; NC, negative control; KCNH2, hERGI.

luciferase activity in PANC-1 or CFPAC-1 cells co-transfected
with mutated pGL3-hERGI and miR-493 mimics or miRNA
NC was no different. The luciferase activity showed relative
increase when miR-493 inhibitors were used instead. In
conclusion, our results confirmed that miR-493 could suppress
hERG] expression through direct binding sequences at the
3'UTR of hERG]1 mRNA.

miR-493 regulates hERGI expression in PC cells. To deter-
mine the function of miR-493, we transfected miR-493
mimics or inhibitors into PANC-1 and CFPAC-1 cells. After
24 h, qRT-PCR assay was performed to detect miR-493 levels.
Results showed that miR-493 mimics could significantly
increase miR-493 level in both PANC-1 and CFPAC-1 cells,
while miR-493 inhibitors dramatically decreased miR-493
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Figure 4. hERGI channels are inversely regulated by miR-493. (A) Relative miR-493 expression level in PC cells transfected with miR-493 mimics, inhibitors
or negative control, respectively. (B-D) Relative hERGI expression level in PC cells transfected with miR-493 mimics, inhibitors and negative control,
additionally a group co-incubation miR-493 inhibitors with celastrol. All data are shown as mean + SD. n=3; 'P<0.05. hERGI, human ether-a-go-go-related

potassium channel 1; PC, pancreatic cancer.

level (Fig. 4A). To further investigate if miR-493 affected
hERG]lexpression in PC cells, the mRNA and protein level
of hERGI1 were measured after the transfection of miR-493
mimics or inhibitors. As shown in Fig. 4B-D, overexpression
of miR-493 led to the obvious suppression of hERGI, while
knockdown of miR-493 enhances the expression of hERGI
in both mRNA and protein levels. Additionally, the elevated
hERGTI level by miR-493 inhibitors could be partially reversed
by celastrol, which is a well-known hERG channel inhibitor.
These data demonstrated that miR-493 is an important
post-transcriptional regulator of hERGI in PC cells.

miR-493/hERGI axis regulates PC cell proliferation and
invasion. The effect of miR-493 on the proliferation of PC
cells was detected in vitro by the MTT assay (Fig. SA-B).

The results showed that overexpression of miR-493 markedly
reduced the cell proliferation activity in both PANC-1 and
CFPAC-1 cells, while knockdown of miR-493 showed a sharp
increased proliferation activity. All these data suggested that
miR-493 could enhance the proliferation of PANC-1 and
CFPAC-1 cells.

In order to determine whether miR-493 affected cell inva-
sion, Transwell assay were performed after transfection with
miR-493 mimics, inhibitors or NC in PC cell lines. As shown
in Fig. 5C-D, PANC-1 and CFPAC-1 cells transfected with
miR-493 mimics showed a higher ratio in invasion. On the
contrary, knockdown of miR-493 strongly inhibited the cell
invasive ability. Furthermore, the enhanced invasive ability by
miR-493 inhibitors could be largely reversed by co-incubation
with celastrol. Therefore, our data suggested that miR-493 acts
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Figure 5. miR-493 regulates PC cell proliferation and invasion through targeting hERG1 in vitro. (A and B) Cell proliferation was determined by MTT assay.
(C and D) The invasiveness of PANC-1 and CFPAC-1 cells was assessed by Transwell assay. All data are shown as mean + SD. n=3; "P<0.05; “P<0.05. NC,
negative control; hERGI, human ether-a-go-go-related potassium channel 1; PC, pancreatic cancer.

as a tumor suppressor in PC that could inhibit proliferation and
invasion potentially through targeting hERG1, and plays a key
role in the tumorigenesis in PC cells.

Discussion

Despite great efforts made in the treatment of PC, the prog-
nosis of PC is still very poor with an extremely low 5-year
survival rate. Clinically, PC still lacks tumor markers with
enough specificity and sensitivity. Thus, it's urgently needed to
explore new molecular markers to improve the early diagnosis
and accurate therapy for PC.

The potassium channels have long been suggested to be
related to the regulation of a variety of biological activities
such as the control of cell excitability and the regulation of cell
proliferation and invasion ability (22,23). Indeed, accumulating

evidences have demonstrated that hERGI1 channel, a human
rapid delayed rectifier in the voltage-gated potassium channel
family, is often aberrantly expressed in numerous carcinomas
including PC. Previous study by Feng J has demonstrated that
hERGTI functions as an oncogene in PC and is downregulated
by miR-96 (23). Since the miRNAs expression profile is
complicated in the progression of diseases, multiply miRNAs
except miR-96, may involved in the process. Therefore, we
tried to explore whether there is another miRNA involved in
the development and progression of PC. In the present study,
we provide evidence that miR-493 inhibits proliferation and
invasion in PC cells and inversely regulated hERGI1 expres-
sion. These results implied that multi-target therapy may offer
the best hope for developing an effective PC treatment strategy.

It is becoming increasingly evident that miRNAs are
important epigenetic regulators in human cancers acting as
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oncogenes or tumor suppressors to regulate cell proliferation,
apoptosis, migration and invasion (24,25). For these reasons,
we explored the potential miRNAs involved in hERGI regula-
tion. Based on the complementary pairing prediction by the
bioinformatics tools and the expression profile of miRNA from
previous study in PC by miRNA expression arrays (21), we
chose miR-493 for further analysis, which has putative biding
sites in the hERG1 3'-UTR sequence. Indeed, our in vitro
luciferase assay study also confirmed that miR-493 was a
potent regulator of the hERG1 gene. More so, upregulation of
miR-493 in low-expressing PC cells decreases their malignant
potential. These results indicate that miR-493 is an important
tumor suppressor in PC.

Overall, our study shows that miR-493 is an important
oncogene in PC development and progression. Additionally,
we demonstrated that human hERGI gene is the direct
downstream target of miR-493, with its expression inversely
regulated by miR-493, thus presented a novel epigenetic
regulator of miR-493 in PC. Furthermore, we have shown that
overexpression of miR-493 can inhibit the malignant capacity
of PC cells via the hERGI regulation, while knockdown of
miR-493 promotes proliferation and invasion ability. Based
on these results, we proposed the hypothesis that restoration
of miR-493 expression or inhibition of hERGI in PC might
provide a novel therapeutic strategy for PC.
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