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Introduction

Targeting ion channels in cancer is a novel frontier in antineo-
plastic therapy. The expression and activation of different types 
of channels mark and regulate specific stages of cancer progres-
sion, from control of cell proliferation and apoptosis to regulation 
of invasiveness and metastatic spread.1 Evidence is particularly 
extensive for the hERG, encoded by human ether-a-go-go-related 
gene 1 (herg1), belong to the family voltage-gated K+ channels. 
hERG1 channel is typically expressed in excitable cells, such as 
neurons and cardiac myocytes, where it regulates resting poten-
tial and action potential repolarization.2 hERG1 and its trun-
cated N-deleted variant, hERG1b, are preferentially expressed in 
tumor cell lines of different histogenesis, as well as in primary 
human cancers, but absent from the healthy cells from which the 
respective tumor cells are derived.3-6 Both full-length hERG1 and 
hERG1b proteins were co-expressed and could form heterotetra-
meric channels on the plasma membrane of tumor cells. Selective 
pharmacological blockage of the hERG channel dramatically 
impaired cell growth of hERG-bearing tumor cells.5,6 Our 

Many studies have provided convincing evidence for heRG as an important diagnostic and prognostic factor in human 
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previous study has also revealed that knockdown of herg gene 
expression by the use of shRNA interference reduced the growth 
rate, viability and colony formation of neuroblastoma cells. In 
nude mice, shRNA targeting hERG channels could inhibit the 
proliferation of tumor cells.7 Both hERG1 and hERG1b produced 
functional potassium current and play a role in cell proliferation, 
invasion and vascular endothelial growth factor secretion.8-10 
hERG is thus proposed as a novel diagnostic and prognostic fac-
tor in human cancers, as well as an attractive oncology target.

ZC88 is a novel compound with 4-amino piperidine scaffold 
(Fig. 1), designed and synthesized by our institutes. Previous study 
showed that ZC88 blocked N-type calcium channel currents in 
a concentration-dependent manner with an IC

50
 value of 0.45 ± 

0.09 μM. Intra-gastric administration of ZC88 (20–80 mg/kg) 
presented analgesia and antiallodynia effect in acute and neuro-
pathic pain animal models. In addition, ZC88 (10–80 mg/kg) 
enhanced morphine analgesia and attenuated morphine-induced 
tolerance and physical dependence.11 Further study showed that 
ZC88 also inhibited hERG potassium current significantly.

It was reported that approximately 30–50% of all cancer 
patients experience moderate to severe pain, and 75–95% of 
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RNA interference inhibited the proliferation of tumor cell signif-
icantly.7,14-17 To further evaluate the effect of ZC88 on the growth 
and proliferation of tumor cells, several human tumor cells with 
or without hERG K+ channels were used and cell viability was 
assayed. As shown in Figure 3A and B, both hERG1 mRNA 
and protein were expressed on SH-SY5Y and HT29 cell lines, 
but not expressed on A549, H157 and H1299 cell lines. The five 
cell lines were respectively treated with ZC88 (3.125–100 μM) 
for 24 h and cell viability was determined by the sulforhodamine 
B (SRB) assay. The results showed that ZC88 suppressed cell 
growth in a concentration-dependent manner in all five cell lines, 
but the inhibitory effect was relatively stronger on the two cell 
lines expressed with hERG1, SH-SY5Y and HT29. As shown in 
Figure 3C, the 50% growth-inhibitory concentration (GI

50
) val-

ues by ZC88 on SH-SY5Y and HT-29 cells were 12.9 ± 0.5 μM 
and 13.7 ± 0.62 μM, respectively. In comparison, A549, H157 
and H1299 cells which did not express hERG1 were not much 
sensitive to ZC88, with GI

50
 of 22.1 ± 1.4 μM, 26.1 ± 1.5 μM 

and 31.5 ± 1.5 μM, respectively. One-way ANOVA analysis fol-
lowed by Dunnett’s t-test showed the statistic difference among 
cells with or without hERG1 (p < 0.01, n = 3).

Effect of ZC88 on the viability of human embryonic kid-
ney (HEK) 293 cells stably transfected with hERG. To further 
evaluate the role of hERG1 expression in ZC88-mediated cyto-
static effect, we determined cell growth suppression induced by 
ZC88 in cells of HEK293 overexpressed with hERG1. HEK293 
cells were transfected with a plasmid of pcDNA3.1 encoding 
hERG1or vector only. After geneticin selection, HEK293 cell 
clones expressing hERG1 were identified by western blot analysis 
with hERG1 antibody (Fig. 4A). Vector-transfected and hERG1-
transfected HEK293 cells and parental cells were then ana-
lyzed for their susceptibility to ZC88 by SRB assay. The results 
showed that ZC88 induced marked growth suppression on the 
hERG1 expressed HEK293 clone, when compared with vector-
transfected HEK293 cells. The GI

50
 values of ZC88 on vector- 

and hERG1-transfected HEK293 cells were 31.65 ± 1.34 μM 
and 15.93 ± 1.00 μM, respectively (Fig. 4B, p < 0.01). The result 
further proved the role of hERG1 in ZC88-mediated antipro-
liferative effect, coinciding with the data from tumor cells with 
hERG1 expression.

ZC88 inhibits cell cycle progression in SH-SY5Y cells. It was 
known that hERG K+ channel was involved in the regulation of 
cell mitotic progression and cell proliferation in tumor cells. To 
confirm the inhibitory effect of ZC88 on cell growth, we further 
evaluated the effect of ZC88 on cell growth cycle in SH-SY5Y 

patients at advanced-stage or with metastatic cancer, experi-
ence substantial life-altering cancer-induced pain.12,13 It suggests 
that developing antineoplastic agents with the dual efficacy of 
antineoplastic and analgesia should be an ideal strategy. As the 
analgesic effect of ZC88 has been confirmed, it is worthwhile 
to explore the anticancer effect of ZC88 based on its blockage 
of hERG. In the present study, we further observed the effect of 
ZC88 on hERG1 and hERG1b potassium channels transiently 
expressed in Xenopus oocytes and then determined the antitumor 
potency of ZC88 in vitro and in vivo. We hope to provide help-
ful evidence for developing a new kind of antitumor drug with 
analgesic effect.

Results

ZC88 blocks hERG1 and hERG1b potassium channels tran-
siently expressed in Xenopus oocytes. To record the currents 
from hERG1 or hERG1b channels expressed in oocytes, the cell 
membrane potential was held at −70 mV and depolarized to volt-
ages between −50 and +30 mV for 2 sec in 10 mV increments. 
Outward tail current was recorded upon repolarization to 
−70 mV for 2 sec. Representative hERG1 and hERG1b current 
traces in the control and in the presence of ZC88 were shown 
in Figure 2A and B, respectively. hERG1 exhibited a character-
istic of high and spiky tail current, whereas its spliced variant 
hERG1b displayed a small and spiky tail current. When ZC88 
(50 μM) was administered, both amplitudes of tail currents 
of hERG1 and hERG1b were significantly reduced (Fig. 2C 
and D). The I-V relationship of hERG1 tail currents revealed 
that the half-point activation voltage values were not affected 
remarkably (−18.61 ± 1.73 mV and −18.91 ± 1.77 mV for the 
control and ZC88 group, respectively, Fig. 2C). However, the 
half-point activation voltage values of hERG1b tail currents were 
significantly shifted from −23.11 ± 1.11 mV to −20.34 ± 0.96 mV 
(p < 0.05, n = 4, Fig. 2D), suggesting a positive shift in the volt-
age dependence of activation.

To determine the concentration-effect relationship for ZC88 
on hERG1 and hERG1b channels, increasing concentrations of 
ZC88 (0.5–250 μM) were added to perfuse oocyte cells and cur-
rent amplitudes were monitored 5 min after drug administration 
with the same voltage protocol. The percentage of tail current 
blockage by ZC88 under 0 mV of the membrane potential was 
calculated for hERG1 and hERG1b, respectively. Then the values 
were plotted against the corresponding ZC88 concentration as 
shown in Figure 2E and fitted with a Hill equation. The results 
showed that the blockage of hERG1 and hERG1b currents by 
ZC88 were dependent on its concentrations, with stronger block-
age at higher concentration. The half-maximal IC

50
 was 35.86 

± 2.48 μM for hERG1 and 21.97 ± 2.13 μM for hERG1b (p < 
0.05, n = 3), suggesting that hERG1b was more sensitive than 
hERG1 to ZC88. The blockage was relieved slowly and incom-
pletely upon removal of ZC88. Control values were not reached 
even after 10 min wash-out (n = 3 oocytes).

Effects of ZC88 on the viability of several human tumor cell 
lines with or without hERG K+ channel. Accumulated investiga-
tions showed that hERG K+ channel blockage with drug or small 

Figure 1. structure of ZC88.
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neuroactive peptide equivalent of an omega conotoxin derived 
from the venom of a marine snail, is a neuron-specific N-type 
calcium channel blocker. After SH-SY5Y cells were treated with 
Ziconotide (5–50 μM) or ZC88 (5–50 μM) for 24 h, cell viability 
was assayed (Fig. 6A). The result indicated that Ziconotide didn’t 
have any effect on the growth and proliferation of SH-SY5Y cell. 
Similar result was obtained from HT29 cells (data not shown). 
Further, the mRNA expression of functional α1B subunit of 
the N-type calcium channel was detected in several tumor cells 
including SH-SY5Y and HT29. RT-PCR data showed that both 
SH-SY5Y and HT-29 cells with hERG channel didn’t express 
N-type calcium channel mRNA (Fig. 6B). Therefore, ZC88-
mediated antiproliferative effect may not be related with its cal-
cium channel blockage.

cells by flow cytometric analysis. The results showed that the per-
centage of G

0
/G

1
 phase increased from 40.8 to 62.04%, and that 

of S phase decreased from 52.92 to 30.31%, 24 h after ZC88 
treatment (3.125–25 μM). This assay was repeated and similar 
result was obtained. The data indicated that ZC88 markedly sup-
pressed the cell mitotic progression in a concentration-dependent 
manner through arresting cells in G

0
/G

1
 phase and decreasing 

DNA synthesis (Fig. 5).
ZC88-mediated antiproliferative effect is not correlated 

with its N-type voltage-dependent calcium channel block-
age. Considering the blockage of N-type calcium channels by 
ZC88 in the previous study,11 we further determined the poten-
tial relationship between ZC88-mediated cell grown inhibi-
tion and calcium channel blockage. Ziconotide, a synthetic 

Figure 2. The blocking effect of ZC88 on heRG1 and heRG1b potassium channel current transiently expressed in Xenopus oocytes. heRG1 and heRG1b 
currents were activated by applying voltage pulses for 2 sec from −50 to +30 mV (10 mV increments) with a holding potential of −70 mV. Outward tail 
current was recorded upon repolarization to −70 mV for 2 sec. (A and B), representative current traces for control (upper traces) and in the presence 
of 50 μM ZC88 (lower traces) are respectively shown for heRG1 and heRG1b. (C) I–V relationships for heRG1 tail current before and after application 
of ZC88 (50 μM). (D) I-V relationships for heRG1b tail current before and after application of ZC88 (50 μM). Concentration dependence of tail current 
blockage by ZC88. Increasing concentrations of ZC88 (0.5–250 μM) were used to perfuse oocyte cells. The percentage of tail current blockage by ZC88 
under 0 mV of the membrane potential was calculated for heRG1 and heRG1b, respectively. The values were plotted against the corresponding ZC88 
concentrations and fitted with a hill equation. Data were expressed as mean ± seM (n = 3–4 oocytes).
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In vivo antitumor activity of ZC88 in SH-SY5Y xenografted 
nude mice. To assess the potential effect of ZC88 on tumor 
growth in vivo, SH-SY5Y cells were inoculated into the dorsal 
flank of each mouse and grown as xenografts in Balb/c nude mice. 
Intraperitoneal injection with ZC88 or saline was initiated after 
the tumors grew to 5 mm in diameter. The results showed that 
mean tumor size was smaller in ZC88 treated animals over the 
treated days, as compared with the saline group. And the tumor 
suppression of ZC88 was better at 50 mg/kg dose than lower 
doses (Fig. 7A). As shown in Figure 7B, mean tumor weight in 
ZC88 (50 mg/kg) treated group was markedly less than that of 
saline group at the endpoint of the study (1.52 ± 0.35 g and 3.08 
± 0.53 g, respectively, p < 0.05, n = 7–8). During the investiga-
tion, body weights were monitored every 2 d to assess toxicity. 
Slight body weight loss was seen in 50 mg/kg group, which led 
to the alteration of injection times in this group, from every 2 d 
designed originally to every 4 d. At the end of the experiment, 
mean body weight loss was about 10% in ZC88 (50 mg/kg) 
treated mice and other signs of toxicity were not seen.

Effect of ZC88 on the corrected QT (QTc) interval in anaes-
thetized guinea pigs. To evaluate the effects of ZC88 on the car-
diac action potentials, guinea pigs were used as an animal model. 
The results showed that ZC88 at the dose of 20 and 30 mg/kg 
did not significantly influence the QTc values of guinea pigs 
(Fig. 8, n = 5, p > 0.05). However, ZC88 (50 mg/kg) in guinea 
pigs could prolong the QTc values of electrocardiograms (ECGs) 
as early as 15 min after administration. The QTc values were pro-
longed by 18.74 ± 5.15% at 45 min after administration (Fig. 8, 
n = 5, p < 0.01).

Discussion

Many expression and channel activity studies have indicated a 
tight association between hERG and cancers. Either blocking 
hERG channels or reducing hERG expression inhibited cell pro-
liferation, invasion and therefore disease progression in many 
tissues of cancer. These results provide important clues for the 
potential pharmacological use of hERG modulators in cancer 
treatment.18-20

ZC88 is a novel compound designed and synthesized by our 
institute based on a 4-aminopiperidine scaffold. Previous study 
showed that ZC88 exhibited a marked N-type calcium chan-
nel blockage. N-type calcium channels has been validated as 
a potential target for pain relief, which are located mainly on 
pre-synaptic terminal in central and peripheral neurons, directly 
mediated spinal transmission of pain signals from the peripheral 
to the central nervous system.21 Ziconotide, a selective N-type 
calcium channel inhibitor, has been clinically used for the ame-
lioration of severe and chronic pain. Further study showed that 
ZC88 could inhibit hERG potassium current. So it is intriguing 
to know whether ZC88 has antitumor activity based on its block-
age of hERG channels.

In the present study, it was found that ZC88 significantly 
inhibited hERG1 and hERG1b potassium channel currents tran-
siently expressed in Xenopus oocytes in a concentration-dependent 
manner. ZC88 had evident antiproliferative activity in several 

Figure 3. effects of ZC88 on the viability of several human tumor cell 
lines with or without heRG K+ channel. (A and B), expression of heRG 
channel mRNa and protein in several tumor cell lines were identified 
by RT-pCR (A) and western blot analysis (B), respectively. (C) The cell 
lines were respectively treated with ZC88 (3.125–100 μM) for 24 h. Cell 
viability was determined by sRB assay. The GI50 by ZC88 was calculated 
with Logistic equation. Data were expressed as mean ± seM **p < 
0.01, compared with the GI50 of sh-sY5Y or hT29 cells (n = 3 individual 
experiments; M, DNa marker; 1, sh-sY5Y; 2, hT-29; 3, a549; 4, h1299; 
5, h157).

Figure 4. effect of ZC88 on the viability of heK293 cells stably trans-
fected with heRG1. (A) heK293 cells were transfected with a plasmid 
of pcDNa3.1 encoding heRG1 or vector only. heK293 clone expressing 
heRG1 was identified by western blot analysis with heRG1 antibody. 
(B) The cell lines stably transfected with heRG1or pcDNa3.1 vector and 
parental heK293 cells were respectively treated with ZC88 (3.125–
100 μM) for 24 h. Cell viability was determined by sRB assay. The GI50 
by ZC88 was calculated with Logistic equation. Data were expressed as 
mean ± seM **p < 0.01, compared with the GI50 of vector-transfected 
heK293 cells (n = 3 individual experiments).
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cancer cell lines. The cells with hERG channels (SH-SY5Y and 
HT29) presented higher sensitivity to ZC88 than the cells with-
out hERG channels (H157, H1299 and A549), which implied the 
participation of hERG channel blockage. To further confirm the 
relationship between the antitumor effect of ZC88 and hERG 
channel blockage, a HEK293 cell clone stably transfected with 
hERG1 cDNA was established and the antiproliferative effect of 
ZC88 on the hERG1-transfected and vector-transfected control 
cells was compared. Similar correlation between hERG expres-
sion and chemosensitivity to ZC88 was observed in hERG-trans-
fected HEK293 cells. Consistently, another report from Zhen’s 
group observed the effect of sparfloxacin, a hERG blocker, on 
both hERG-transfected HEK293 cells and hERG siRNA knock-
down HCT116 cells. They demonstrated that the cells with 
hERG channel were more sensitive than the counterparts, with a 
merely 2–2.5-fold difference (IC

50
) in chemosensitivity to spar-

floxacin.14 Meanwhile, we found Ziconotide, the N-type calcium 
channel blocker, did not have similar cell growth inhibition on 
both SH-SY5Y and HT-29 cells, which suggested that N-type 

calcium channel might not be involved in the 
effect of ZC88. These data further implied 
the participation of hERG channel in the 
antiproliferative effect of ZC88, although 
other mechanisms could not be completely 
excluded. Further mechanisms investigation 
showed that ZC88 induced significant cell 
cycle arresting in G

0
/G

1
 phase in SH-SY5Y 

cells, which was one of the characteristics 
of hERG channel blockage.7,22,23 Thus, all 
the data supported that the effect of ZC88 
on tumor cell growth inhibition was cor-
related at least partly with its hERG chan-
nel blockage, which implied a positive role 
of hERG potassium channel in tumor cell 
proliferation.

The in vivo antitumor activity of ZC88 
was studied in SH-SY5Y xenografted nude 
mice, which showed that ZC88 at the dose 
of 33.3 and 50 mg/kg inhibited the tumor 
growth by 41 and 50%, respectively. This 
result again emphasized the role of hERG 

Figure 5. effect of ZC88 on the cell cycle progression of sh-sY5Y cells. Cells were treated by ZC88 (3.125–25 μM) for 24 h. The cells were harvested and 
labeled with pI. Cell cycle distribution was assayed by flow cytometric analysis. The histograms displayed here were representative of two experi-
ments.

Figure 6. effect of N-type calcium channel blocker ziconotide on 
sh-sY5Y cell viability. (A) Cell viability assay. The cells were treated by 
ziconotide or ZC88 (5–50 μM) for 24 h and cell viability was determined 
by sRB assay. Cells without treatment were used as control, with viabil-
ity set at 100%. each data point represented the mean ± seM of three 
independent experiments. (B) α1B subunit of N-type calcium channel 
mRNa expression on cancer cells by RT-pCR. M, DNa marker; 1, sh-sY5Y; 
2, hT-29; 3, a549; 4, h157; 5, h1299.

Figure 7. antitumor activity of ZC88 in xenografted nude mice. (A) Changes of tumor size over 
days after administration. (B) Mean tumor weight at the end point of experiment. Treatment 
was initiated at D0 when the tumor nodules reached 5 × 5 mm. For the control and the groups 
of 22.2 and 33.3 mg/kg ZC88, saline or ZC88 was given intraperitoneally every 2 d. For the 
group of 50 mg/kg, ZC88 was given intraperitoneally every 4 d. Tumor volumes (mm3) were 
determined every 2 d by caliper measurements and were calculated by the formula ab2/2. at 
the end of the experiment, the tumor nodules were excised and weighed. Data were expressed 
as mean ± seM *p < 0.05, compared with saline control, n = 7–8.
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combination with other chemotherapeutic drugs as a chemosen-
sitivity enhancer, which obviously deserve further investigation.

Materials and Methods

Preparation of hERG cRNA. pGh19/hERG1 and pGh19/
hERG1b plasmid were kindly presented by Dr Gail A. Robertson 
(University of Wisconsin-Madison). The plasmid cDNAs were 
linearized by XbaI restriction enzyme. cRNAs were synthesized 
in vitro from linearized template cDNA using a RiboMAX large 
scale RNA production system (Promega) and stored at −70°C.

Xenopus oocyte expression and electrophysiology. Oocytes 
(stages V–VI) were surgically removed from mature Xenopus lae-
vis frogs anesthetized under ice bath. The follicular cell layer was 
removed by incubating oocytes in Ca2+-free solution containing 
NaCl 100, KCl 2.0, MgCl

2
 2.8, HEPES 5.0 (mM, pH 7.6) and 

penicillin 1 × 105 U/L, streptomycin 100 mg/L plus 1.5 mg/ml 
collagenase type I (Sigma) for 1.5 h at room temperature. Oocytes 
were rinsed several times, sorted and maintained at 18°C in 
ND-96 storage solution containing NaCl 96, KCl 2.0, CaCl

2
 1.8, 

MgCl
2
 1.0, HEPES 5.0 and sodium pyruvate 5.0 (mM, pH 7.6) 

and penicillin 1 × 105 U/L, streptomycin 100 mg/L. The oocyte 
was injected with 75 ng of hERG1 or hERG1b channel cRNA in 
a total of 50 nl RNase-free H

2
O using a Nanoliter 2000 microin-

jector (WPI). Injected cells were maintained in ND-96 solution 
at 18°C for 2–6 d prior to electrophysiological recording.

hERG1 and hERG1b channel proteins were expressed in 
Xenopus oocytes 48 h after injection of in vitro transcribed 
mRNAs. K+ channel currents were recorded with the two-
microelectrode voltage-clamp technique (Axoclamp2B ampli-
fier, Axon Instruments,). The microelectrodes were filled with 
3 mol/L KCl. Currents were recorded in ND 96 bath solution at 
the temperature of 20–23°C. Oocytes showing < 15% change in 

channel in tumor progression and suggested that blockage of 
hERG channel induced the tumor growth suppression in vivo. 
However, hERG blocker alone could not evoke the actual regres-
sion of measurable tumors completely. This result was consistent 
with our previous study with shRNA interference and Zhen’s 
investigation with sparfloxacin.7,14 The study with shRNA 
showed that intra-tumor injection of shRNA-herg1/1b remark-
ably inhibited the growth of SH-SY5Y tumors xenografted in 
nude mice by about 50%.7 Similarly, Zhen et al. found sparfloxa-
cin at the dose of 800 and 1,200 mg/kg inhibited the growth of 
human colon cancer HCT116 xenografts in nude mice, with a 
moderate inhibition (44.2 and 58.0%, respectively). However, 
a combination of 800 mg/kg sparfloxacin and 5-FU at a lower 
dose (20 mg/kg) inhibited the tumor growth more effectively 
(62.4%) than sparfloxacin or 5-FU alone (44.2 and 24.9%, 
respectively).14 In addition, there have been some other reports on 
hERG channel blocking drugs as an adjuvant cancer therapy.15-17 
For example, cisapride, as a specific blocker of hERG K+ channel, 
prevented gastric cancer cell proliferation15 and erythromycin, a 
macrolide antibiotic with hERG-blocking properties, behaved as 
a chemosensitivity enhancer.16

Recently, Glassmeier et al. reported that hERG1 protein was 
involved in the growth of human small cell lung cancer cells, 
whereas the ion-conducting function of hERG1 was not impor-
tant for cell growth. Because they found that hERG1 knockdown 
by siRNA technique inhibited cell proliferation, while blockage 
of hERG channels by E-4031 did not influence cell prolifera-
tion.24 In contrast, both our study and many other groups’ work 
showed that pharmacological blockage of hERG channels with 
selective blockers significantly reduced cell proliferation in sev-
eral tumor cells, including primary leukemia cells,5 colon cancer 
cells,10 melanoma cells19 and gastric cancer cells.15 This diver-
gence might be derived from the difference among the tumor 
types. The roles of hERG channels and protein expression for cell 
growth in different tumor types still need further investigation.

It is well known that blockage of hERG channel will induce 
prolonged QT interval, leading to potential fatal ventricular 
tachyarrhythmia known as torsade de pointes.25,26 Therefore, it is 
inevitable for concerning about the safety of any new drug target-
ing hERG. In this study, the potential effect of ZC88 on the QTc 
interval in anaesthetized guinea pigs was evaluated. The results 
showed that ZC88 at the dose of 30 mg/kg did not significantly 
influence the QTc values of ECGs in guinea pigs. The QTc val-
ues were prolonged by 18.74 ± 5.15% at the dose of 50 mg/kg. 
Based on the body surface area conversion in different species, 
ZC88 at the dose of 30 mg/kg in guinea pigs was approximately 
equivalent to the dose of 50 mg/kg in mice, which meant that 
50 mg/kg ZC88 used in vivo antitumor activity in mice might 
have minor cardiac adverse effect.

In summary, the present study revealed that ZC88, as a 
hERG channel blocker, inhibited the growth of neuroblastoma 
SH-SY5Y cells in vitro and in vivo and arrested SH-SY5Y cells 
in G

0
/G

1
 phase. However, ZC88 alone could not evoke the com-

plete regression of the tumor. At the dosage with remarkable 
antineoplastic effect, ZC88 might have slight influence on the 
QT interval. The results suggested that ZC88 may be applied in 

Figure 8. effect of ZC88 on the QTc interval in anaesthetized guinea 
pigs. Guinea pigs were anesthetized with sodium pentobarbital. Needle 
electrodes, inserted subcutaneously, were used to record the eCG of 
standard limb lead II. after 10 min of equilibration for a stable baseline 
measurement (0 min), 20, 30 or 50 mg/kg of ZC88 was given by intra-
peritoneal injection and the eCGs were recorded at 5, 15, 30 and 45 min 
thereafter. The QTc was calculated with the Bazett formula (QT c = QT × 
RR−1/2). Data were expressed as mean ± seM **p < 0.01, compared with 
the QTc of 50 mg/kg group at 0 min (n = 5).
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for 1 h at room temperature. The membranes were washed with 
PBST again and developed with the enhanced chemilumines-
cence detection kit (ECL kit; Amersham Biosciences). β-actin 
(Beijing Zhongshan Jinqiao Biotechnology) was used as a loading 
control.

Cell cycle analysis. The flow cytometric assay was performed 
to determine the effect of ZC88 on cell cycle progression in 
SH-SY5Y cells. In brief, cells were seeded at a density of 2.0 × 
105 cells/well in 6-well plates and allowed to grow overnight. The 
cells were treated with ZC88 (3.125–25 μM) for 24 h. After treat-
ment, the cells were harvested with trypsin, washed once with 
PBS and then fixed by incubation with 70% ethanol overnight 
at 4°C. Before flow cytometric analysis, cells were stained with 
propidium iodide buffer (PI, containing 200 μg/mL DNase-free 
RNase A and 50 μg/mL PI) for 30 min. One × 104 cells per 
sample were analyzed using a FACSCalibur flow cytometer (BD 
Biosciences). Data were evaluated using Modfit software.

Tumor xenografts in nude mice. Male Balb/c nude mice 
of 6–8 weeks old were purchased from Beijing Animal Center, 
China. All animals were kept under specific pathogen-free con-
ditions. The experiment was performed in accordance with the 
NIH guidelines for the care and use of laboratory animals (1996) 
and the institutional guidelines. The experimental protocol was 
approved by the Animal Research Advisory Committee of Beijing 
institute of pharmacology and toxicology. Tumor was raised by 
subcutaneous injection of 1 × 106 SH-SY5Y cells/mouse in 100 
μl PBS buffer into the flanks of the nude mice. When the tumor 
nodules reached 5 × 5 mm, the tumor-bearing mice were ran-
domly divided into saline control and three treated groups (22.2, 
33.3 and 50 mg/kg ZC88, dissolved in saline). Mice were treated 
intraperitoneally every 2 d (totally seven injections) with either 
normal saline (for control group) or ZC88 (for 22.2 and 33.3 
mg/kg group). The mice of 50 mg/kg group were treated only 
at day 0, 4, 8 (totally three injections). Body weights were moni-
tored to assess toxicity. Tumor volumes (mm3) were determined 
every 2 d by caliper measurements and were calculated by the for-
mula ab2/2, where a means the length and b means the width of 
the tumor. At the end of the experiment, the mice were sacrificed 
by dislocation and the tumor nodules were excised and weighed.

ECG recording in guinea pigs. Guinea pigs (weighing 
400–500 g) of either sex were used in this study, which were 
also bought from Beijing Animal Center and cared and used in 
accordance with the NIH and institutional guidelines. The ani-
mals were anesthetized with sodium pentobarbital (40 mg/kg, 
intraperitoneal injection). Needle electrodes, inserted subcuta-
neously, were used to record the ECG of standard limb lead II 
(BIOPAC systems Mp150 electrophysiolograph, USA). The RR 
interval and QT interval were measured respectively. The QTc 
was calculated with the Bazett formula (QTc = QT × RR−1/2) to 
reduce the influence of the fluctuation of the heart rate on the 
measurement of the QT interval. After 10 min of equilibration 
for a stable baseline measurement, different doses of ZC88 were 
given by intraperitoneal injection and the ECGs were recorded at 
5, 15, 30 and 45 min thereafter.

Statistics and curve fitting. The currents evoked from 
hERG channels were recorded and analyzed with pCLAMP 

current amplitude over a 10 min incubation period were used in 
the experiment.

Cell culture and transfection. The human neuroblastoma 
SH-SY5Y cell line and colon cancer HT29 cell line were cultured 
in DMEM/F12 medium (Hyclone) supplemented with 10 and 
5% fetal bovine serum, respectively. The human non-small cell 
lung cancer A549, H157 and H1299 cell lines, human embry-
onic kidney 293 cell lines were cultured in RPMI 1640 medium 
(Sigma) supplemented with 10% fetal bovine serum (Hyclone). 
All cell lines were bought from the Cell Resource Center, IBMS, 
CAMS/PUMC and incubated at 37°C in a humidified atmo-
sphere with 5% CO

2
.

2.5 × 105 HEK 293 cells were seeded in a 6-well plate to 
reach 50–70% confluency. Twenty-four hours after incubation, 
the cells were transfected with pcDNA3.1/hERG1 plasmid or 
pcDNA3.1 vector only via Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions. The cell line stably 
transfected with hERG1 or vector only was obtained by selection 
under the pressure of geneticin (800 μg/mL) and the expression 
of hERG1 was identified by western blot.

Cell viability assay. Cells were seeded at a density of 7.5 × 
103 cells/well in 96-well plates. After overnight incubation, the 
cells were treated with ZC88 (3.125–100 μM) for 24 h. Stocks of 
ZC88 were prepared in distilled water. The inhibitory effects of 
ZC88 on cell growth were determined by SRB assay, as described 
previously.27 Each experiment was performed in quadruplicate 
and repeated for a total of at least three times. Cells treated with 
medium were used as a control, with viability set at 100%. The 
GI

50
 values were calculated with Logistic equation after curve fit-

ting by ORIGIN 7.5 software.
RT-PCR. Total RNA was extracted from cells using TRIzol 

reagent (Invitrogen). A 2 μg aliquot of each RNA sample was 
reverse-transcribed in a 25 μl reaction volume using a two-step 
RT-PCR kit (Takara). PCR was performed in 25 μl of a reac-
tion mixture with the following conditions: 95°C for 5 min, 35 
cycles at 94°C for 30 sec, 55°C for 1 min and 72°C for 1 min. 
The following primer sequences for the genes were used: hERG1 
(467 bp), sense 5'-CCT AAG ATA AAG GAG CGA ACC 
C-3', antisense 5'-CCA GAG CCG AAG ATG AGC AG-3'; 
GAPDH-1 (339 bp), sense 5'-GAT TTG GTC GTA TTG GGG 
CGC-3', antisense 5'-CAG AGA TGA CCC TTT TGG CTC 
C-3'; α1B subunit of N-type calcium channel (468 bp), sense 
5'-TCC CTT CTT CTT CGT CA-3', antisense 5'-TTC GTT 
TCC GCA ATC T-3'; GAPDH-2 (508 bp), sense 5'-TCA ACG 
GAT TTG GTC GTA TT-3', antisense 5'-CTG TGG TCA 
TGA GTC CTT CC-3'. The PCR products were separated on 
1% agarose gel.

Western blot. Cells were harvested and subjected to lysis in 
RIPA buffer. Equal amounts of lysates (50 μg) were separated 
by 7% SDS-PAGE and then transferred to nitrocellulose mem-
branes (Amersham Biosciences). Membranes were then blocked 
with PBS buffer containing 5% low fat milk and 0.05% Tween 
(PBST) for 1 h and then incubated with anti-hERG primary 
antibodies (1:10,000, PA3860, Thermo Scientific) overnight at 
4°C. After being washed three times with PBST, membranes 
were incubated with peroxidase-conjugated secondary antibodies 
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9.0 software (Axon Instruments) and ORIGIN 7.5 software 
(Origin Lab Corporation). The concentration-response curves 
were fitted with Hill equation to obtain the IC

50
 values. To 

determine the voltage dependence of hERG current activation, 
ORIGIN software was used to fit tail current amplitudes to 
Boltzmann equation. All values were presented as mean ± SEM. 
For difference between two groups, Student’s t-test was per-
formed. For differences among three groups or more, analysis of 
variance (ANOVA) followed by Dunnett’s t-test was performed. 
A p value of less than 0.05 was considered significant.
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