Journal of Cancer 2015, Vol. 6

643

Ivyspring

Journal of Cancer

International Publisher

2015; 6(7): 643-651. doi: 10.7150/jca.11913

Research Paper

The Blockage of KCa3.1 Channel Inhibited Proliferation,
Migration and Promoted Apoptosis of Human
Hepatocellular Carcinoma Cells
Yu Liu1 , Liang Zhao2 , Wenya Ma2 , Xuefeng Cao3, Hongyang Chen2, Dan Feng2, Jing Liang2, Kun Yin2,
Xiaofeng Jiang1 
*

1.
2.
3.

*

*

Department of Laboratory Medicine, Affiliated Fourth Hospital of Harbin Medical University, Harbin 150081, PR China
Department of Pharmacology, Harbin Medical University, Harbin 150081, Heilongjiang Province, China
Department of Anesthesiology, Affiliated Hospital of Chengde Medical University, Chengde, Hebei Province, China

* contributed equally to this work.
 Corresponding author: Prof. Xiaofeng Jiang, MD, PhD, Department of Laboratory Medicine, Affiliated Fourth Hospital of Harbin Medical
University, PR. China. Tel: +86-451-82576987; Fax: +86-451-82576987; Email: liuy.doctor@gmail.com
© 2015 Ivyspring International Publisher. Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.
See http://ivyspring.com/terms for terms and conditions.

Received: 2015.02.16; Accepted: 2015.04.15; Published: 2015.05.26

Abstract
The intermediate conductance calcium-activated potassium channel KCa3.1 plays an important
role in regulating cell proliferation and migration. However, the role of KCa3.1 channel in human
hepatocellular carcinoma remained unknown. This study was therefore performed to investigate
the effects of KCa3.1 potassium channel blocker on the proliferation, apoptosis and migration of
human hepatocellular cancer cells HepG2. KCa3.1 mRNA and protein were detected in HepG2.
Furthermore, KCa3.1 potassium channel blocker TRAM-34 was capable to inhibit the proliferation
and induce the apoptosis of HepG2 cells, which can be partially attenuated by 1-EBIO, an activator
of KCa3.1 channel. Moreover, the migration of HepG2 was obviously inhibited by TRAM-34.
Consistently, knockdown of KCa3.1 channel using its siRNA was also able to induce apoptosis and
suppress proliferation and migration of HepG2. Meanwhile, intracellular ROS level was found
augmented in HepG2 treated with TRAM-34. More importantly, p53 protein was found translocation from the cytoplasm into the nuclei of HepG2. Collectively, inhibition of KCa3.1 channel
suppressed the growth and migration, and promoted the apoptosis of human hepatocellular carcinoma cells by regulating intracellular ROS level and promoting p53 activation. This data suggests
TRAM-34 as a promising anti-tumor drug for liver cancer.
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Introduction
Hepatocellular cell carcinoma is one of the
commonest cancers all over the world, especially in
Asia. It accords for more than 60,000 deaths, and
about 750,000 cases are diagnosed newly every year
[1-2]. Nowadays, liver transplantation has been recognized as the most effective therapy of hepatocellular carcinoma, but only small number of patients is
available to liver transplantation [3]. Although hepa-

tocellular carcinoma is now increasingly diagnosed at
the earlier stage due to the routine screening, effective
chemotherapeutic agents for hepatocellular carcinoma are still in the lack [4]. Therefore, development of
new therapeutic drug for hepatocellular cancer is urgently needed.
The intermediate conductance calcium-activated
potassium channel (KCa3.1) plays an important role
http://www.jcancer.org
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in regulating intracellular calcium homeostasis [5-6].
The blocker of KCa3.1 potassium channel has been
implicated in therapeutic potential in a variety of
diseases including cancer and autoimmune disorders
[5, 7-8]. For example, TRAM-34, a specific KCa3.1
blocker was shown to prevent acute angioplasty-induced coronary smooth muscle phenotypic
modulation and limits stenosis [9]. Targeted disruption of KCa3.1 potassium channel also was shown to
attenuate renal fibrosis [10]. Recently, it was reported
that blockage of KCa3.1 potassium channel played an
inhibitory role in human endometrial cancer cell
growth [11]. Additionally, TRAM-34 injection reduced the degeneration of retinal ganglion cells after
optic nerve transaction [11]. Notably, the long-term
treatment with TRAM-34 at therapeutic concentrations was shown not to cause discernible toxicity [5].
But, whether KCa3.1 channel blocker exerts therapeutic effects on hepatocellular cell carcinoma and its
molecular mechanisms have not been elucidated yet.
This study was therefore conducted to clarify this
notion.
In this study, we reported that KCa3.1 channel
blocker TRAM-34 and KCa3.1 channel siRNA inhibited the growth and migration, and induced apoptosis
of hepatocellular cell carcinoma, and the molecular
mechanisms were associated with the enhancement of
intracellular ROS and activation of p53 protein. These
findings provide the evidence for KCa3.1 channel as a
therapeutic target for liver cancer.

Materials and methods
Reagents
TRAM-34 and 1-EBIO were purchased from
Sigma-Aldrich (St Louis, MO). Antibodies to KCa3.1
and p53 were purchased from Cell Signaling (Danvers, MA) and antibody against GADPH was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). All other chemicals were purchased from Sigma-Aldrich (St Louis, MO). TRAM-34 and 1-EBIO
were dissolved in DMSO (less than 0.1%, v/v, without detectable effects) in all experiments of this study.

Cell culture
Human hepatocellular carcinoma cell line
HepG2 and human hepatic cell lines LO2 were bought
from American Type Culture Collection (ATCC, Manassas, VA, USA), and maintained as subconfluent
monolayers in DMEM supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT), and 1% penicillin–streptomycin (Invitrogen, Carlsbad, CA). HepG2
cells were cultured in an incubator at 37°C in a humidified atmosphere of 5% CO2 and 95% air. The
culture medium was changed every two days.
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Cell proliferation assay
CCK-8 cell proliferation kit was used to evaluate
the proliferation of HepG2 cells. The HepG2 cells
were seeded in 96-well plates and incubated overnight. Afterward, the cells were rendered quiescent by
serum-free media, and were then exposed to the indicated concentrations of TRAM-34 or with 1-EBIO
for 48 h. The 10 μl WST-8 from the CCK-8 Kit (Boster,
Wuhan, China) was then added to each well and incubated at 37 °C for 1 h. The absorbance was measured at 450 nm.

AO/EB double staining
Morphological observation by Acridine orange/ethidium bromide (AO/EB) double staining
was used to determine apoptosis of HepG2 cells. The
protocol to carry out AO/EB staining was according
to the manufacturer’s instruction. In brief, HepG2
cells were harvested and incubated with 10 µl prepared AO/EB working solution (100 µg/ml AO and
100 µg/ml EB in PBS) for 5 min. The nuclear changes
and apoptotic body formation of HepG2 were visualized using an inverted fluorescence microscope
(Eclipse TE300, Nikon, Japan).

TUNEL assay
Apoptosis of HepG2 cells was determined using
a Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) detection kit
(Roche, Penzberg, Germany) according to the manufacturer’s protocol. After exposed to TRAM-34 alone
or with 1-EBIO, HepG2 cells fixed with 4% paraformaldehyde in PBS for 30 min at room temperature, and
permeabilized with 0.1% Triton X-100 in 0.1% sodium
citrate for 2 min on ice. After washing in PBS, sections
were incubated with the TUNEL reaction mixture for
1 h at 37 °C. After washing with PBS, the stained cells
were visualized using a fluorescence microscopy
(Eclipse TE300, Nikon, Japan).

Wound healing assay
HepG2 cells were cultured in a 6-well plate for
24 h. Wound healing assay was carried out by introducing a small linear scratch with a pipette tip. Then
the cells in the each well were exposed to serum-free
DMEM medium containing the indicated concentrations of TRAM-34 or plus 1-EBIO for 48 h. The intervals after the scratch in cultured cells were photographed under a phase-contrast microscope (x200) to
monitor the cell migration ability.

Transwell assay
Transwell assay was performed by using a
Transwell chamber with pore size of 8.0 μm (Millipore). The cells were resuspended in serum-free mehttp://www.jcancer.org
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dium, and then planted into the upper chamber in 5%
CO2 at 37℃. After treatment with different concentrations of TRAM-34 or TRAM-34+1-EBIO for 48 h, the
cells in the upper were removed, and the attached
cells in the lower section were stained with 0.1%
crystal violet. The migration rate was quantified by
counting the migration cells in six random fields under a light microscope.

Intracellular reactive oxygen species (ROS)
measurement
The intracellular ROS levels were measured by
using the DCF-DA probe method. The cells were
treated with TRAM-34 or TRAM-34+1-EBIO, and then
were washed three times with fresh medium. The 100
μM DCF-DA was added to each well and incubated
for 30 min at 37°C. After washing three times in PBS,
the stained cells were mounted, and the ROS accumulation was determined using a laser scanning
Confocal microscope (Olympus FV-300).

Immunofluorescence microscopy
After treatment with TRAM-34 alone or plus
1-EBIO, HepG2 cells were then fixed in freshly prepared 4% paraformaldehyde and then rinsed three
times in PBS. HepG2 cells on the coverslips were
blocked with 1% bovine serum albumin (Sigma), and
then incubated with anti-p53 antibody in a humidified chamber for 1 h and then washed three times in
PBS. The primary antibody was labeled with
Alexa-488 conjugated secondary antibody while p53
protein was labeled with goat-anti-mouse antibody.
Coverslips with staining cells were mounted, and the
images were taken with a laser scanning Confocal
microscope (Olympus FV-300).

KCa3.1 siRNA transfection
Transfection of Kca3.1 siRNA was carried out
using Lipofectamine 2000 reagent (Invitrogen, CA)
according to the manufacturer's instructions. KCa3.1
siRNA oligonucleotide was synthesized by Sangon
(Shanghai, China). The sequences of KCa3.1 siRNA
are as followed: 5’-GCACCUUUCAGACACACU
U-3’.

Western blot
The HepG2 cells and LO2 cells were homogenized on ice, and the cell lysates were prepared
through centrifugation at 14000×g for 10 min at 4°C.
The protein concentration was quantified using the
bicinchoninic acid assay (BCA, Pierce). Equal
amounts of proteins were separated using SDS-PAGE
and then transferred onto a nitrocellulose membrane.
The blots were blocked with 5% non-fat milk and
further incubated with the monoclonal KCa3.1 antibody and Horseradish peroxidase-conjugated sec-
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ondary antibodies. The Odyssey infrared fluorescent
scanning system (LICOR) and Odyssey V1.2 software
were used to quantify the expression of KCa3.1 based
on the intensity of the bands.

Statistical analysis
Data used for statistical analysis are expressed as
the mean±S.E.M. The significance of differences
among groups was determined using ANOVA. All
statistical analysis was done by SPSS 13.0 software.
P<0.05 was considered as statistical significance.

Results
Detection of KCa3.1 expression in HepG2 cells
Firstly, we used RT-PCR and western blot to
detect whether KCa3.1 channel was expressed in
HepG2 cells. As shown in Figure 1A, HepG2 cells
have a higher expression of KCa3.1 mRNA as compared to LO2 cells. Consistently, the expression of
KCa3.1 protein was also detected higher in HepG2
cells than LO2 cells (Figure 1B). This data suggests
that KCa3.1 channel was expressed in HepG2 cells.

TRAM-34 inhibited the growth of HepG2 cells
To further quantify the effects of KCa3.1 channel
blocker on the proliferation of HepG2 cells, CCK-8 cell
proliferation assay was performed. We observed the
influences of TRAM-34 0.1, 0.3, 1, 3, 10 and 30 μM on
the cellular viability of HepG2 cells. Figure 2A
showed the viability of HepG2 cells was reduced after
treatment with TRAM-34 10 and 30 μM for 48 h as
compared to control cells (p<0.05), but TRAM-34 0.1,
0.3, 1 and 3 μM did not significantly affect the viability
of HepG2 cells. The inhibition of the proliferation of
HepG2 cells by TRAM-34 30 μM was suppressed in
the presence of 1-EBIO 100 μM, an activator of KCa3.1
potassium channel (Figure 2B).

TRAM-34 caused the apoptosis of HepG2 cells
To further investigate if the apoptosis of HepG2
cells was induced by TRAM-34 treatment, apoptotic
changes of HepG2 cells were observed using AO/EB
staining and TUNEL apoptosis detection kits. Apoptotic appearance of HepG2 was found after TRAM-34
treatment under a fluorescence microscope by AO/EB
staining (Figure 3A). Nevertheless, 1-EBIO was able to
reduce the number of apoptotic cells after TRAM-34
(Figure 3A). TRAM-34-induced the apoptosis of
HepG2 cells were further confirmed by TUNEL
staining. The results showed that only few apoptotic
HepG2 cells were observed in control group. However, TRAM-34 10 and 30 μM treatment resulted in an
increase of TUNEL-positive HepG2 cells. HepG2 cells
with TRAM-34 30 μM plus 1-EBIO 100 μM showed
less TUNEL-positive fluorescence compared with
http://www.jcancer.org
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TRAM-34 group (Figure 3B). These results suggest
that TRAM-34 is able to cause the apoptosis of human
hepatocellular cancer cells.

TRAM-34 inhibited the migration of HepG2
cells
In addition to cellular proliferation, we also
examined the effect of TRAM-34 on the migration
activity of HepG2 cells. The wound healing assay in
vitro was carried out to determine cell migration of
HepG2 in the absence and presence of TRAM-34.
Figure 4A showed the quantified wound closure in
HepG2 cells after TRAM-34 10 and 30 μM treatment.
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Wound closure was slowed in TRAM-34 (30
μM)-treated HepG2 at 48 h after scratch, compared
with control group. And, this change can be attenuated by 1-EBIO 100 μM treatment. Moreover,
Transwell migration assay was also performed in
HepG2 after TRAM-34 10 and 30 μM treatment. In
agreement with wound healing assay, treatment with
TRAM-34 30 μM produced a reduction of migrated
cells (Figure 4B), which can be partially inhibited by
1-EBIO 100 μM. This data demonstrated that the
blockage of KCa3.1 potassium channel induced the
suppression of migration of HepG2 cells.

Figure 1. The expression of KCa3.1 mRNA and protein in HepG2. (A), RT-PCR was used to detect KCa3.1 mRNA expression in two kinds of cells. Values
are given normalized to band intensity of GAPDH used as internal control. (B), KCa3.1 protein expression was detected using Western blot in HepG2 cells.
n=3 independent experiments. *P<0.05.

Figure 2. Anti-proliferative effect of TRAM-34 on HepG2. (A), Cell viability of HepG2 after exposed to the indicated concentrations of TRAM-34 for 48
h. TRAM-34 treatment obviously inhibited the proliferation of HepG2 cells. CCK-8 assay was used to assess cell viability. (B), Cell viability of HepG2 treated
with TRAM-34 30 μM alone or TRAM-34 30 μM plus 1-EBIO for 48 h. In the presence of 1-EBIO 100 μM, the inhibition of proliferation of HepG2 by
TRAM-34 30 μM was attenuated. * p < 0.05 vs control. # p < 0.05 vs TRAM-34.
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Figure 3. The effects of TRAM-34 on the apoptosis of HepG2. (A), Apoptotic morphological changes in the nuclear chromatin were observed in
TRAM-34-treated HepG2 cells using AO/EB staining. (B), Quantification of cellular apoptosis by counting TUENL-positive cells in control, the indicated
concentrations of TRAM-34, and TRAM-34+1-EBIO groups. TUNEL staining showed that apoptotic HepG2 cells were increased in the presence of
TRAM-34 at 10 and 30 μM. * p < 0.05 vs control. # p < 0.05 vs TRAM-34.

Figure 4. Inhibition of migration by TRAM-34 treatment. (A), Slowed migration was observed in HepG2 cells after TRAM-34 treatment under a
phase-contrast microscope by wound healing assay. (B), Transwell chamber was used to determine the migration of HepG2 cells after cells were treated
with difference concentrations of TRAM-34 alone or with 1-EBIO. It was demonstrated that TRAM-34 can cause a significant inhibition of migration of
HepG2 cells. * p < 0.05 vs control. # p < 0.05 vs TRAM-34.

TRAM-34 increased intracellular ROS level in
HepG2 cells
Previous studies have reported that the increase
of ROS production led to cell apoptosis and inhibited
cell migration in tumor cells [12-13]. To determine
whether exposure to TRAM-34 enhances ROS generation in human hepatocellular carcinoma cells, the
cells were exposed to TRAM-34 and the changes of
DCF-DA fluorescence intensity were measured. As
shown in Figure 5, treatment with TRAM-34 30 μM
caused an increase of ROS generation, and this change
can be partially attenuated by the treatment with
1-EBIO 100 μM.

TRAM-34 promoted the translocation of p53
Lots of studies showed that p53 is an important
tumor suppressor gene and its inactivation is involved in tumorigenesis and chemotherapy resistance
[14]. The activation of p53 or translocation of p53 into
nuclei plays an inhibitory role in tumor inhibition [12,
15]. So, we further investigated the effects of
TRAM-34 on the localization of p53 protein in HepG2
cells. Figure 6 demonstrated that TRAM-34 30 μM
significantly increased the expression of p53 protein
in the nuclei of HepG2 cells. HepG2 cells treated by
TRAM-34 30 μM plus 1-EBIO 100 μM showed the less
accumulation of p53 protein in nuclei (p<0.05). These
results suggest that p53 pathway is involved in
http://www.jcancer.org
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TRAM-34-induced the inhibition of growth and migration of HepG2 cells.

KCa3.1 siRNA inhibited proliferation, migration and promoted apoptosis of HepG2 cells
To further confirm that KCa3.1 channel is involved in regulating biological behaviors of HepG2
cells, we used KCa3.1 channel siRNA to inhibit the
expression of KCa3.1 channel in HepG2 cells. As
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shown in Figure 7A, KCa3.1 siRNA inhibited the proliferation of HepG2 cells. TUNEL staining also
showed that KCa3.1 siRNA was capable to induce the
apoptosis of HepG2 cells (Figure 7B). Wound healing
assay and Transwell assay also showed that the migration of HepG2 cells was obviously inhibited by
KCa3.1 siRNA (Figure 7C and 7D).

Figure 5. Intracellular ROS generation by TRAM-34 treatment. The ROS level in HepG2 cells was increased after exposure to TRAM-34 30 μM. The level
of intracellular ROS was measured in HepG2 cells using DCF-DA probe. * p < 0.05 vs control. # p < 0.05 vs TRAM-34.

Figure 6. Effect of TRAM-34 on the localization of p53 protein in the cytoplasm and nuclear of HepG2 cells. Immunofluorescence results demonstrated
that p53 protein was mainly located in the cytoplasm in HepG2 cells without TRAM-34 30 μM treatment. Exposure to TRAM-34 30 μM led p53 protein to
the nuclear of HepG2 cells.
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Figure 7. Effects of KCa3.1 siRNA on the proliferation, apoptosis and migration of HepG2 cells. (A), KCa3.1 siRNA inhibited the proliferation of HepG2
cells assessed by CCK-8 assay. (B), TUNEL staining showed that KCa3.1 siRNA was capable to induce the apoptosis of HepG2 cells. (C and D), Wound
healing assay and Transwell assay showed that the migration of HepG2 cells was obviously inhibited by KCa3.1 siRNA. * p < 0.05 vs scrambled.

Discussion
Hepatocellular cancer is one common type of
cancer, and more than 750,000 patients are diagnosed
every year all over the world [1]. In particularly, the
incidence of hepatocellular carcinoma has gradually
increased. But, the current chemotherapy often failed
to control the recurrence of hepatocellular cancer,
because hepatocellular cancer is insensitive to most
chemotherapy drugs [16]. So it is necessary to develop
some new drugs to treat hepatocellular cell carcinoma.
The intermediate-conductance calcium-activated
potassium channel KCa3.1 is expressed in multiple
cell types including excitable and nonexcitable cells,
and is critically involved in regulating calcium homeostasis and membrane potential [6]. It has been
showed that the blocker of KCa3.1 potassium channel
has many biological activities such as anti-cancer,
anti-inflammatory and anti-fibrosis effects, and thus
was implicated in the treatment of cancer, renal fibrosis, asthma and hypertension [5, 8, 10-11]. Recently, it

was shown that TRAM-34 induced the apoptosis of
human endometrial cancer, pancreatic cancer and
prostate cancer, with a promising application potential in clinics [11, 17-18]. For example, the mRNA and
protein expression of KCa3.1 channel were upregulated in human prostate tissues, and the blockage of
KCa3.1 potassium channel suppressed the proliferation of prostate cells via regulating calcium entry [18].
A tremendous increase of KCa3.1 mRNA we also
found in primary pancreatic tumors, and the proliferation of BxPC-3 and MiaPaCa-2 cells was completely inhibited by KCa3.1 blocker clotrimazole and
TRAM-34 [17]. However, the impact of KCa3.1 on the
growth and apoptosis of human hepatocellular cancer
cells remained unknown.
Our study showed the antiproliferative,
proapoptotic and anti-migration effects of KCa3.1
channel blocker on human hepatocellular cancer cells.
In consistence with previous studies [11, 18], we
found that TRAM-34 significantly inhibited the
growth of HepG2 cells at the concentration of 10 and
30 μM. Likewise, knockdown of KCa3.1 using its
http://www.jcancer.org
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siRNA also inhibited the proliferation of HepG2. We
then tested whether TRAM-34 treatment and KCa3.1
siRNA induced the apoptosis in HepG2 cells, which
may explain the observed loss of viability of HepG2
cells. AO/EB staining displayed the apoptotic nuclear
changes in HepG2 cells. Treatment with TRAM-34 or
KCa3.1 siRNA both can increase the percentages of
apoptotic cells assessed by TUNEL staining. These
findings confirmed that the inhibition of KCa3.1
channel was able to cause apoptosis of human liver
cancer cells. We further tested whether the blockage
of KCa3.1 channel led to the inhibition of migration in
HepG2 cells. The results confirmed that TRAM-34
was able to inhibit the migration of human hepatocellular cancer cells. We also used KCa3.1 siRNA to
confirm the role of KCa3.1 channel in regulating the
migration of HepG2 cells. Consistently, KCa3.1 siRNA was also able to inhibit the migration of HepG2
cells.
Then, several assays were carried out to understand the molecular mechanism underlying anti-tumor effect of TRAM-34 on human hepatocellular
cancer. Carcinogenesis or tumorigenesis is closely
correlated to the uncontrolled growth and migration
of tumor cells. Intracellular ROS level were found
involved in the initiation and aggression of a variety
of tumors [19-20]. Enhancement of ROS level was
suggested as an important approach for treating cancers [20]. In this study, we found that TRAM-34
treatment can induce the augment of intracellular
ROS level in hepatocellular cancer cells.
Besides, lots of studies showed that p53 is an
important tumor suppressor gene, and regulates cell
cycle, apoptosis, metastasis and senescence [21]. Inactivation or mutations of p53 have been well documented in human tumors. On the contrary, overexpression or activation of p53 can induce cell apoptosis
and attenuate cancer cell migration and invasion
through regulating many targets such as Bcl-2 and
Bax [22-24]. Also, p53 induced the apoptosis of tumor
cells via activating proapoptotic gene expression [25].
Our study showed that TRAM-34 induced a translocation of p53 protein from the cytoplasm into the nuclei. It implies that TRAM-34 inhibits the growth and
cell migration of hepatocellular cancer in vitro
through regulating p53 pathway.
In this study, low concentration (0.1, 0.3 and
1µM) of TRAM-34 did not significant affect the proliferation of HepG2 cells. Consistently, previous
studies [11, 17] also reported that TRAM-34 at 10 and
30 µM displayed antitumor effects. For example,
TRAM-34 10 µM was reported to inhibit cell growth of
human pancreatic cancer cell lines by blocking KCa3.1
channel [17]. The moderate concentration of TRAM-34
(3-30µM) used in these studies were explained by: (1),
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the increase of intracellular calcium in cancer cells
was recognized to antagonize TRAM-34; (2) the
KCa3.1 channel expressed in cancer cells is less sensitive or mature than that in cardiovascular system.
In conclusion, the intermediate conductance
Ca2+-activated potassium channel inhibitor TRAM-34
inhibited the proliferation and migration, and promoted the apoptosis of human hepatocellular carcinoma cells, which was associated with the increased
intracellular ROS level and activated p53 protein. This
study suggests TRAM-34 as a new therapeutic agent
for hepatocellular carcinoma.
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