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Abstract. Human ether-à-go-go-related gene (HERG) is over-
expressed in a wide range of human cancers and regulates 
survival, migration, and apoptosis. The aim of this study was 
to investigate the role of HERG in cisplatin-induced apoptosis 
in gastric cancer in vitro and in vivo. siRNA was used to silence 
HERG expression. HERG expression was detected by Western 
blot analysis in vitro, and further confirmed by immunohis-
tochemistry in vivo. Chemosensitivity to cisplatin in gastric 
cancer cells was analyzed with a Cell Counting Kit-8 assay. 
Apoptosis was detected by flow cytometry in vitro, and in situ 
apoptotic SGC7901 human gastric tumor cells in BALB/c 
nude mice were detected by terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling. Our results show that cisplatin 
increased the expression of HERG in gastric cancer cells. 
Silencing HERG inhibited the apoptosis induced by cisplatin 
both in vitro and in vivo, by attenuating the cisplatin effects on 
Bcl-2, Bax and active caspase-3. The role of HERG in modula-
tion of cisplatin-induced apoptosis suggests that HERG may 
provide a new potential target for cisplatin chemotherapy in 
human gastric cancer.

Introduction

Gastric cancer is one of the most common malignancies world - 
wide. A total of 989,600 new cases and 738,000 deaths were 
estimated to have occurred in 2008, accounting for 8% of the 

total cancer cases and 10% of total cancer deaths (1). Most 
patients are either diagnosed at an advanced stage, or in relapse 
after surgery, and systemic chemotherapy is the only treatment 
option available in this situation. The platinum-based drug 
cisplatin is widely used to treat many solid tumors including 
gastric cancers (2). Like most chemotherapeutic drugs, cisplatin 
exerts its anti-cancer effect by inducing apoptosis, probably 
mediate through caspase-3 activity (3). Cytotoxicity of cisplatin, 
and its ability to induce cancer cell apoptosis is influenced by 
modulators of potassium ion flux (4).

Potassium channels are the most diverse class of plasma 
membrane ion channels, and they participate in many and 
diverse physiological events such as excitability, contraction, 
cell cycle progression and metabolism in different cell types 
(5-7). One of the potassium channels most commonly related to 
cell proliferation and cancer is the human ether-à-go-go-related 
gene (HERG) potassium channel (8,9). HERG potassium 
channel is mainly expressed in the cell membrane of cardiac 
myocytes, endocrine cells and lymphocytes, and genetic muta-
tion in HERG can result in long QT syndrome, a lethal cardiac 
arrhythmia (10). HERG is overexpressed in a wide range of 
human cancers, such as gastric cancer, colorectal cancer, 
endometrial cancer and glioblastoma multiforme (11-14). Three 
main functions relevant to tumor cell biology can be ascribed to 
HERG activity: tumor cell proliferation (15), tumor cell inva-
siveness (12) and tumor neoangiogenesis (16). Because of their 
oncogenic properties, distribution, modulation and pharma-
cology, HERG has gained great interest as potential diagnostic 
markers and membrane therapeutic targets for cancer (17,18). 

HERG is specifically overexpressed in human gastric cancer, 
whereas it is not expressed in the normal gastric mucosa epithe-
lium, and the expression is associated with the differentiation 
and clinical staging of gastric cancer (11,19,20). However, little 
is known about the correlation between HERG expression 
and the mechanism by which cisplatin inhibits gastric cancer 
cell growth. Therefore, this study investigates the possible 
alteration of HERG expression in cisplatin-treated gastric 
cancer cells, the relationship between HERG expression and 
chemosenitivity to cisplatin in gastric cancer cells, and the role 
of HERG in cisplatin-induced apoptosis.
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Materials and methods

Mice, cells and reagents. Male nude BALB/c mice, 8 weeks-old, 
were obtained from the Animal Research Center, the Second 
Affiliated Hospital of Harbin Medical University, China. The 
human gastric cancer cell lines SGC7901 and MGC803 were 
obtained from the Institute of Biochemistry and Cell Biology, 
Chinese Academy of Sciences, Shanghai, China. The cells 
were cultured at 37˚C in RPMI-1640 medium (Gibco BRL, 
Grand Island, NY, USA) supplemented with 10% fetal calf 
serum (FCS). Antibodies against HERG, Bcl-2, Bax, caspase-3 
and GAPDH (Santa Cruz Biotechnology, CA, USA) were used. 
Cisplatin was purchased from Sigma (St. Louis, MO, USA).

Transfection of siRNA targeting the HERG. The control 
siRNA and HERG siRNA were purchased from Santa Cruz 
Biotechnology. SGC7901 and MGC803 cells were grown to 
50% confluence in 6- or 96-well plates, and transfected with the 
siRNAs in serum-free medium without antibiotic supplements 
using LipofectamineTM 2000 (Invitrogen, CA, USA). The cells 
were incubated for 4-6 h, then the culture media were refreshed, 
and the cells were cultured for a further 48 h. Silencing of HERG 
expression was confirmed by Western blot analysis.

CCK8 assay. SGC7901 and MGC803 cells were seeded into a 
96-well plate (3x103/well), and cultured overnight. The culture 
medium was replaced with fresh serum-free medium or the 
same medium containing control siRNA or HERG siRNA, 
and the cells were cultured for 4-6 h. The medium was again 
replaced with 200 µl of fresh RPMI-1640 medium, or the same 
medium containing cisplatin at various concentrations. The 
cells were cultured for 48 h, and cell viability was measured 
with a Cell Counting Kit-8 (CCK-8) kit (Dojindo Molecular 
Technologies, Gaithersburg, MD, USA). The proliferation 
inhibition rate (in percentage) was calculated according to the 
following formula: (1 - experimental OD value/control OD 
value) x 100%. The experiments were repeated thrice.

Apoptosis assay. Control siRNA- or HERG siRNA-transfected 
SGC7901 and MGC803 cells were incubated with or without 
cisplatin (0.8 mg/l for SGC7901 and 0.4 mg/l for MGC803) 
as described above for 48 h. Cells (1x105) were harvested, 
washed with PBS, resuspended in 100 µl of binding buffer, 
and incubated with 5 µl of Annexin V and 5 µl of PI for 15 min 
according to the manufacturer's instruction (BD Biosciences, 
San Jose, CA, USA). The cells were analyzed in a cytometer 
(Beckman Coulter, CA, USA) to measure the apoptosis rate. The 
cells that had undergone apoptosis were viewed by laser scan-
ning confocal microscopy (LSM-510, Carl Zeiss Jena GmbH, 
Jena, Germany).

Animal model and treatments. All surgical procedures and care 
administered to the animals were in accordance with institutional 
guidelines, and have been described previously (21). SGC7901 
cells (5x106) were subcutaneously injected into the back of the 
mice. Tumor volumes were estimated according to the following 
formula: π/6 x a2 x b, where a is the short axis, and b the long 
axis. When tumors reached around 100 mm3, the mice were 
randomly assigned to four groups (each group had 18 mice): 
control siRNA, HERG siRNA, cisplatin + control siRNA and 

cisplatin + HERG siRNA. Equal volumes of 20 nM siRNA and 
Lipofectamine 2000 were mixed together, and the mixture was 
further mixed with an equal volume of serum-free RPMI-1640 
medium. To standardize the experiments, mice in each group 
received both intratumoral and i.p. injections. In the control 
siRNA and HERG siRNA groups, mice received i.p. injection 
of 200 µl of PBS weekly, and intratumoral injection of 250 pmol 
of control siRNA and HERG siRNA, respectively, in a 50 µl 
siRNA transfection solution weekly. In the cisplatin + control 
siRNA and cisplatin + HERG siRNA groups, mice received i.p. 
injection of 200 µl of cisplatin (diluted in PBS) at the dose of 
7 mg/kg weekly and intratumoral injection of control siRNA 
and HERG siRNA, respectively, at the same weekly dose as 
above. Six mice from each group were randomly sacrificed 
1 and 2 weeks after treatment started, and their tumors were 
excised. The remaining mice were monitored for 3 weeks.

Immunohistochemistry. Tumor sections (4 µm) were blocked 
with 3% BSA, incubated with primary Abs, and subsequently 
incubated with secondary Abs using the Ultra Sensitive 
TMS-P kit (Zhongshan, Beijing, China). Immunoreactivity 
was developed with Sigma FAST DAB (3,3'-diaminobenzidine 
tetrahydrochloride) and CoCl2 enhancer tablets (Sigma-Aldrich, 
Shanghai, China). Sections were counterstained with hema-
toxylin, mounted and examined under a microscope.

In situ detection of apoptotic cells. This method has been 
described previously (22). In brief, tumor sections were stained 
with terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) (Roche, Shanghai, China). The total number 
of apoptotic cells in 10 randomly selected high-power (x400) 
fields under a microscope was counted. The apoptosis index 
was calculated according to the formula: number of apoptotic 
cells/total number of nucleated cells x 100%.

Western blot analysis. This method has been described previ-
ously (23). In brief, cells or tumor tissues were homogenized 
in protein lysate buffer. Debris was removed by centrifugation 
at 12,000 x g for 10 min at 4˚C. The protein content of the cell 
and tumor tissue homogenates was determined, and protein 
samples were resolved on 12% polyacrylamide SDS gels, and 
electrophoretically transferred to polyvinylidene difluoride 
membranes. The membranes were blocked with 3% BSA, 
incubated with primary antibodies, and subsequently with an 
alkaline phosphatase conjugated secondary antibodies. They 
were visualized with 5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium (Tiangen Biotech, Beijing, China).

Statistical analysis. The half maximal inhibitory concentration 
(IC50) was calculated with a logit method. All other data were 
expressed as mean values ± standard deviation (SD). One-way 
analysis of variance (ANOVA) and Student's t-test were used 
to evaluate statistical significance. p<0.05 was set as statistical 
significance.

Results

Effects of HERG siRNA and cisplatin on HERG expression in 
gastric cancer cells. SGC7901 and MGC803 cells were treated 
with HERG siRNA or different concentrations of cisplatin 
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for 48 h. Expression of HERG was evaluated by Western blot 
analysis. As shown in Fig. 1A and B, transfection of cells with 

HERG siRNA significantly reduced the expression of HERG 
in SGC7901 and MGC803 cells, compared with the cells trans-

Figure 1. SGC7901 and MGC803 cells were incubated with HERG siRNA (A) or different concentrations of cisplatin (C) for 48 h, and cells were lysed and 
subjected to Western blot analysis to detect expression of HERG. (B and D) The density of each band (from A and C, respectively) was measured and compared 
with that of the internal control, GAPDH. *Significant difference in band density from the control. 

Figure 2. SGC7901 (A) and MGC803 (B) cells transfected with control siRNA or HERG siRNA were incubated with different concentrations of cisplatin. 
Forty-eight hours later, the proliferation of cells was assessed by the CCK8 method to calculate the proliferation inhibition rate. The dotted lines show the 
concentration of cisplatin, which resulted in 50% of maximal proliferation inhibition (IC50) of cells. 
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fected with control siRNA (p<0.001). Expression of HERG in 
SGC7901 and MGC803 cells was significantly upregulated 

after incubation with different concentrations of cisplatin 
(p<0.01), as shown in Fig. 1C and D).

Figure 3. SGC7901 (A) and MGC803 (B) cells transfected with control siRNA or HERG siRNA were incubated with or without cisplatin. Forty-eight hours 
later, cells were harvested and flow cytometry was performed to measure apoptosis rates. *Significant increase in the apoptosis rate from control; #Significant 
increase compared with cisplatin-treated cells. (C) Representative histograms from cytometrically analyzed SGC7901 (upper panel) and MGC803 (lower 
panel) cells treated with control siRNA, HERG siRNA, cisplatin + control siRNA or cisplatin + HERG siRNA. (D) Cells were viewed by laser scanning 
confocal microscopy. Representative photographs were taken of SGC7901 (upper panel) and MGC803 (lower panel) cells treated with control siRNA, HERG 
siRNA, cisplatin + control siRNA or cisplatin + HERG siRNA.
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HERG siRNA reduces the chemosensitivity of gastric cancer 
cells to cisplatin. SGC7901 and MGC803 cells transfected with 
control siRNA or HERG siRNA were incubated with different 
concentrations of cisplatin for 48 h, and IC50 values of cells 
were determined with a CCK8 assay. With a logit method (24), 
the IC50 of cisplatin in SGC7901 cells transfected with control 
siRNA or HERG siRNA was 0.47 or 0.87 mg/l, respectively 
(Fig. 2A). Similar results were obtained with MGC803 cells, 
whose IC50 of cisplatin was 0.31 or 0.58 mg/l, respectively 
(Fig. 2B). In terms of IC50 value, SGC7901 and MGC803 cells 
transfected with HERG siRNA were less sensitive to cisplatin 
than those transfected with control siRNA.

HERG siRNA reduces cisplatin-induced apoptosis of gastric 
cancer cells. SGC7901 and MGC803 cells transfected with 
control siRNA or HERG siRNA were incubated with or 
without cisplatin (0.8 mg/l for SGC7901 and 0.4 mg/l for 

MGC803) for 48 h. The cells were subjected to flow cytometry 
to measure the rates of apoptosis, and viewed by laser scan-
ning confocal microscopy. As shown in Fig. 3A, both HERG 
siRNA and cisplatin + control siRNA increased the apoptosis 
rate of SGC7901 cells (13.6±2.1% and 39.7±5.1%, respec-
tively) compared with the control (3.8±1.0%) (both p<0.05), 
whereas cisplatin + HERG siRNA induced a lower apoptosis 
rate (17.4±4.5%) compared with that induced by cisplatin + 
control siRNA (p<0.001). Similar results were obtained with 
MGC803 cells (Fig. 3B). Laser scanning confocal microscopy 
confirmed that HERG siRNA reduced cisplatin-induced apop-
tosis, as shown in the representative photographs (Fig. 3D). 
SGC7901 and MGC803 cells treated with cisplatin + HERG 
siRNA experienced less early- and late-staged apoptotic cells, 
than cells treated with cisplatin + control siRNA.

HERG siRNA attenuates the effects of cisplatin on apoptosis-
related proteins in gastric cancer cells. SGC7901 and MGC803 
cells were treated as above for 48 h, and apoptosis-related 
proteins, including Bcl-2, Bax and active caspase-3, were 
detected by Western blot analysis. As shown in Fig. 4A, cisplatin 
in combination with either control siRNA or HERG siRNA 
upregulated the expression of Bax and active caspase-3, and 
downregulated Bcl-2 expression in SGC7901 cells, but the 
effects were weaker in the HERG siRNA cells. Similar changes 
in the three proteins were observed in MGC803 cells. Rather, 
the expression of Bax was slightly downregulated in MGC803 
cells treated with cisplatin + HERG siRNA compared with 
cisplatin + control siRNA, though this difference did not reach 
significance after quantitative analysis (Fig. 4B).

HERG siRNA reduces the tumoral cell apoptosis induced by 
cisplatin in mice. As shown in Fig. 5A, i.p. injection of cisplatin 
upregulated the expression of HERG in subcutaneous SGC7901 
tumors, compared with control, whereas intratumoral injec-
tion of HERG siRNA attenuated the upregulation of HERG 
induced by cisplatin.

Tumor sections were stained with TUNEL to detect in situ 
apoptotic cells. The apoptotic cells were counted to determine 
the apoptosis index. As shown in Fig. 5C, HERG siRNA 
increased the apoptosis index 1-fold (p<0.05), and cisplatin + 
control siRNA increased the apoptosis index 5-fold (p<0.001), 
compared with the control. However, the apoptosis index of 
tumors treated with cisplatin + HERG siRNA was only 3-fold 
higher (p<0.001) than that of the control group and was signifi-
cantly lower than the ciplatin + control siRNA group (p<0.001). 

Bcl-2, Bax and active caspase-3 were also detected by 
Western blot analysis of tumor homogenates (Fig. 5D). Cisplatin 
+ control siRNA significantly upregulated the expression of 
Bax and active caspase-3, and downregulated Bcl-2 expression, 
while cisplatin + HERG siRNA had weaker effects (Fig. 5E), 
in accordance with our in vitro findings. 

Next, we examined the effects of cisplatin in combination 
with control siRNA or HERG siRNA on the growth of subcu-
taneous SGC7901 tumors that received treatments of control 
siRNA, HERG siRNA, cisplatin + control siRNA, or cisplatin 
+ HERG siRNA. As shown in Fig. 5F, the tumors treated with 
control siRNA grew remarkably fast, reaching 2100±200 mm3 
after 3 weeks. In contrast, tumors treated with HERG siRNA 
or cisplatin + control siRNA were significantly (both p<0.05) 

Figure 4. (A) SGC7901 and MGC803 cells were treated with control siRNA 
(lane 1), cisplatin + control siRNA (lane 2), or cisplatin + HERG siRNA 
(lane 3) for 48 h. Homogenates of the cells were subjected to Western blot 
analysis to detect the expression of HERG, Bcl-2, Bax and active caspase-3. (B) 
The density of each band was measured and compared with that of the internal 
control, GAPDH. *Significant difference in band density from control siRNA 
group. #Significant difference from cisplatin + control siRNA group.
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smaller, reaching only 1617±123 and 1327±165 mm3 in volume, 
respectively, compared with control siRNA treated tumors. 

However, tumors treated with cisplatin + HERG siRNA were 
1189+165 mm3, which were not significantly different from 

Figure 5. Mice were subcutaneously injected with SGC7901 cells. When tumors reached around 100 mm3 in volume, mice received treatment with control 
siRNA, HERG siRNA, cisplatin + control siRNA, or cisplatin + HERG siRNA. (A) HERG expression in subcutaneous SGC7901 tumors was detected by immu-
nohistochemical analyses. Sections were prepared from tumors 1 week after receiving treatment. (B) Tumoral cell apoptosis was detected by TUNEL. Illustrated 
are representative sections prepared from subcutaneous tumors 2 weeks after treatment. (C) TUNEL-positive cells were counted to give the apoptosis index. (D) 
Two weeks after treatment, tumors from control mice (lane 1), cisplatin + control siRNA (lane 2), and cisplatin + HERG siRNA (lane 3) were homogenized and 
subjected to Western blot analysis to measure the expression of HERG, Bcl-2, Bax and active caspase-3. (E) The density of each band from (D) was measured 
and compared to that of the internal control, GAPDH. (F) The sizes (mm3) of tumors were monitored and recorded for 3 weeks. *Significant difference from 
control siRNA group. 
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tumors treated with cisplatin + control siRNA. We calculated 
the value of CDI to investigate whether the effects of HERG 
siRNA and cisplatin are additive or antagonistic as described 
previously (21). A value of CDI less than, equal to or greater 
than 1 indicates that the drugs are synergistic, additive or 
antagonistic, respectively. The CDI value for HERG siRNA and 
cisplatin was 1.2, which was >1, indicating the two agents had 
antagonistic effect in inhibiting tumor growth.

Discussion

We have, for the first time, demonstrated that HERG expres-
sion is significantly upregulated when the gastric cancer cells 
SGC7901 and MGC803 are treated with cisplatin. Silencing 
of HERG expression reduced the chemosensitivity of gastric 
cancer cells to cisplatin and inhibited cisplatin-induced apop-
tosis, which indicates that HERG expression is essential for 
cisplatin to induce apoptosis in human gastric cancer. These 
results were confirmed both in vitro and in vivo. 

Recent studies have provided substantial evidence that 
potassium channels are involved in the regulation of tumor cell 
proliferation, acquirement of invasive, metastatic ability, apop-
tosis, cell cycle and even drug resistance (4,6,25,26). Among 
these potassium channels, HERG has demonstrated the stron-
gest relationship with human cancer, and been considered as 
a potential therapeutic target (25,27). Shao et al found that 
HERG was exclusively expressed in gastric cancer and that the 
expression of HERG was associated with tumor differentia-
tion, TNM stage and lymph node involvement in gastric cancer 
(11). However, there are no reports on the alteration of HERG 
expression after treatment with chemotherapeutic anti-cancer 
drugs. In the present study, we found that after exposure to 
cisplatin, HERG expression significantly increased, indicating 
that this may be one of the mechanisms accounting for the 
reaction of gastric cancer to cisplatin. 

One other study has investigated the potential relationship 
between HERG expression and the chemosensitivity of gastric 
cancer cells to cisplatin. Chen et al (28) reported that A549 
cells expressing low levels of HERG were less sensitive than 
HT-29 cells expressing high levels of HERG to vincristine, 
paclitaxel and hydroxy-camptothecin. The chemosensitivities 
of HERG-transfected A549 cells to vincristine, paclitaxel and 
hydroxy-camptothecin were significantly increased, compared 
to parent A549 cells. Here we established that the cisplatin IC50 
of gastric cancer cells treated with cisplatin alone was much 
lower than that of cells treated with the combination of cisplatin 
and HERG siRNA. This result indicates that siRNA-mediated 
HERG silencing reduces the chemosensitivity of gastric cancer 
cells to cisplatin. These findings lead us to presume that HERG 
plays a positive role in the reaction to cisplatin in the gastric 
cancer cells. 

Apoptosis is the process by which most chemotherapeutic 
anti-cancer drugs induce cell death. Like most chemothera-
peutic drugs, cisplatin exert its tumor killing action by inducing 
apoptosis (3). Our flow cytometry results demonstrated that 
less apoptotic cells were detected when the gastric cancer cells 
were incubated with cisplatin + HERG siRNA than when they 
were incubated with cisplatin + control siRNA. Detection of 
apoptosis-related proteins (Bcl-2, Bax and active caspase-3) 
showed that in both cell lines HERG siRNA attenuates the 

effect of cisplatin on apoptosis-related proteins. Bcl-2, which 
is located on the mitochondrial membrane, stabilizes the 
mitochondrial membrane potential and prevents the release of 
apoptosis-inducing molecules such as cytochrome c. Therefore, 
we presumed that HERG siRNA inhibits cisplatin-induced 
apoptosis through the intrinsic pathway mediated by members 
of the Bcl-2 family.

In vivo analyses demonstrated that i.p. injection of cisplatin 
upregulated the expression of HERG in subcutaneous SGC7901 
tumors in mice, and intratumoral injection of HERG siRNA 
inhibited HERG expression. The in situ apoptosis rate of tumors 
treated with the combination of cisplatin + HERG siRNA was 
significantly lower than that of cisplatin + control siRNA, which 
is in full accord with the in vitro study. Both HERG siRNA 
and cisplatin could inhibit the subcutaneous tumor growth 
alone. However, the combination of HERG siRNA and cisplatin 
showed no significant difference from cisplatin alone. The 
CDI value indicated the antagonistic effect of HERG siRNA 
and cisplatin in vivo. We supposed that the antagonistic effect 
was, at least in part, attributed to the reduction of tumoral cell 
apoptosis in cisplatin + HERG siRNA group. 

Wang et al (29) found that HERG is a regulator of tumor 
cell apoptosis and proliferation, and that H2O2 can induce 
considerable apoptosis in cells expressing endogenous or cloned 
HERG. When the HERG was blocked, H2O2-induced apoptosis 
was also inhibited. Han et al (30) reached a similar conclusion 
that HERG facilitates cellular DNA fragmentation in HEK 
cells via concomitant activation of MAP kinases and inactiva-
tion of Akt. In our study, when the gastric cancer cells were 
treated with cisplatin, HERG expression increased in both cell 
lines and silencing HERG by siRNA inhibited the apoptosis 
induced by cisiplatin, indicating that HERG expression may 
be essential for cisplatin to induce apoptosis in human gastric 
cancer.

From the phenomena discovered in our study, we conclude 
that HERG is an important factor that regulates apoptosis in 
gastric cancer cells and that the cisplatin induction of apop-
tosis in gastric cancer cells depends, at least in part, on the 
expression of HERG. The results reported herein provides 
an intriguing foundation for a deeper understanding of the 
mechanism by which cisplatin kills gastric cancer cells, and 
they indicate that HERG may serve as a potential therapeutic 
target for cisplatin chemotherapy in human gastric cancer.
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