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ARTICLE INFO ABSTRACT

Recently, we and other groups revealed that aberrant expression of Kv10.1 channel, a voltage-gated potassium
ion channel, contributes to a variety of tumorigenesis process. Potent and selective inhibitor of Kv10.1 is ur-
gently needed, both as pharmacological tools for studying the physiological functions of this enigmatic channel
and as potential leads for development of anti-tumor drugs. In this study, Procyanidin B1, a natural compound
extracted from the grape seed, was identified as a potent, specific inhibitor, which can inhibit the Kv10.1
channel in a concentration-dependent manner (ICso = 10.38 + 0.87 uM), but has negligible effects on other
potassium channels, including Kir2.1, HERG or KCNQ1. It was demonstrated that Procyanidin B1 directly binds
to Kv10.1 channel and inhibits its currents, without increasing intracellular Ca?*. Further, three amino acids,
1550, T552, and Q557 in the C-linker domain of Kv10.1 were found critical for forming the binding pocket of
Procyanidin B1 with Kv10.1 channel. In addition, Procyanidin B1 inhibits migration and proliferation of liver
cancer cells (HuH-7 cells, HepG2 cells) through inhibiting Kv10.1, but not in Kv10.1 negatively expressed cell
lines. Next, we assayed the tumor suppressing effect of Procyanidin B1 on cell line-derived xenograft mouse
model. Our data showed that 15 mg/kg Procyanidin Bl can significantly suppress the growth of the tumor
(HepG2) with an inhibition rate of about 60.25%. Compared with cisplatin, Procyanidin B1 has no side effect on
the normal metabolism of the mice. The present work indicated that Procyanidin B1 is a proming liver cancer
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anti-tumor drug, and also confirmed that Kv10.1 can serve as a potential, tumor-specific drug target.

1. Introduction

Liver cancer is the fifth most common cause of cancer incidence and
the third most common cause of cancer death, with an increasing trend
worldwide [1,2]. Due to the poor prognosis of liver cancer, it is very
important to find early tumor markers, new therapeutic targets and
potential anticancer drugs for the discovery and treatment of liver
cancer [3].

Kv10.1, an important voltage-gated potassium channel, also known
as Eagl/KCNH]1, has been confirmed that it is implicated in oncogen-
esis and tumor progression [4-9]. In the RNA level, Kv10.1 is mainly
presented in normal brain tissue, and also expressed in a small amount
in myoblasts, placenta, testis and adrenal glands [10-14]. It is note-
worthy that Kv10.1 is overexpressed in approximately 70% human
tumors [9,15], including liver cancer, cervical cancer, lung cancer,
breast cancer, colon cancer and prostate cancer [8,11,16-19]. It has
been demonstrated that Kv10.1 is predominantly expressed in the
mRNA and protein levels in tissues and precancerous lesions of
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cirrhosis. It has been proposed that Kv10.1 may be a potential early
biomarker of liver cancer [14,16,19-22]. Moreover, inhibition of the
Kv10.1 channel can reduce proliferation of several different tumor cells
[11,16,18,20,23-27]. For instance, astemizole, an inhibitor of Kv10.1
channel, can decrease the proliferation and migration of cancer cells via
inhibition of Kv10.1 channel activity [24,28]. Therefore, we hope to
find a potent and specific inhibitor of Kv10.1 channel and explore the
potential anti-hepatoma effect by targeting Kv10.1 channel.

Currently, several Kv10.1 channel inhibitors have been continually
discovered. For example, several compounds including TEA* (tetra-
ethylammonium ion), Quinidin, Chloroquine (CQ) and other potassium
channel inhibitor drugs can inhibit Kv10.1 channels, but lack of spe-
cificity [29-31]. Mibferdil is also an inhibitor of Kv10.1, but the do-
se-response of the drug has not been determined [32]. Due to the dif-
ference from Kv10.1 channel to other Kv family channels in its
molecular structure that its S5-S6 linker is extended and glycosylated,
peptide toxin drugs are easily affected by the sugar chains when they
are bound near the hole location [33-35].
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In recent years, natural compounds attract more and more attention
because of their biosafety and the remarkable effect of treatment
[36,37]. Therefore, we tried to find a natural compound drug that
targets the Kv10.1 channel for tumor treatment. Procyanidin B1, one
type of proanthocyanidins, is widely distributed in fruits, vegetables,
nuts, seeds and so on. In particular, the seeds of grape are rich source of
Procyanidin B1 without any potential genotoxic or toxicity [38]. Stu-
dies have confirmed that proanthocyanidins have a wide range of
pharmacological activities, including oxidation resistance, free radical
scavenging and anti-cancer activity [39-41]. However, the mechanism
by which proanthocyanidins inhibit cancer is not clear.

In this study, we first showed that Procyanidin B1 can directly bind
with Kv10.1 channel and inhibit its currents in a dose-dependent way.
Our data also showed that the drug can suppress the proliferation and
migration of liver cancer cells, and repress the growth of mouse xeno-
graft tumors of HepG2 cells significantly through inhibition of the
currents of Kv10.1. This study provides a pharmacological mechanism
for elucidating the anti-tumor effect of Procyanidin Bl and demon-
strates that it is a highly promising Kv10.1 channels targeted drug to
brake the development of tumors.

2. Materials and methods
2.1. ¢cDNA contructs

The plasmid encoding human Kv10.1 (GenBank accession number:
NM_172362) subcloned into pEZ-MO03 was synthesized by GeneCopoeia
(BioProbes, USA). The Kv10.1 (I550A-T552A-Q557A) mutant was
produced using Pfu DNA polymerase with a QuickChange kit
(Stratagene, La Jolla, CA) and confirmed by DNA sequencing.

2.2. Cell culture and transfection

HEK293, L-02, HuH-7 and HepG2 cells were grown, respectively, in
DMEM medium, RPMI-1640 medium, DMEM medium and DMEM
medium supplemented with 10% fetal calf serum and 1% penicillin/
streptomycin at 37°C in a humidified 5% CO, atmosphere and passaged
every 2 days. HEK293 cells were transfected with Kv10.1 com-
plementary DNA (cDNA) constructs using an X-tremeGENE HP (Roche,
Switzerland).

2.3. Stable expression of Kv10.1 channel in L-O2 cells, CHO cells

L-O2 cells were transfected with Kv10.1 channel complementary
DNA (cDNA) constructs using an X-tremeGENE HP (Roche,
Switzerland) as described previously. Twenty-four hours after the
transfection, cells were trypsinised and plated on 9-cm Petri dishes in
medium supplemented with 1 mg/ml geneticin G418 for 14 days.
Positive colonies were selected and transferred to 24-well culture
plates, and L-O2 cells stably expressing Kv10.1 were identified by
western blotting and patch clamp techniques. Stably transfected L-O2
cells were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS), 600 pg/ml G418 and 1% penicillin/strepto-
mycin. The cells were removed from the culture flask by digestion with
2.5 mg/ml trypsin (1:250) for 2 min and seeded at low density on 13-
mm glass coverslips in 24-well tissue culture plates for experiments.

2.4. Rubidium efflux assay

L-O2 cells were plated at a density of 4 x 10* cells/well in poly-D-
lysine-coated 96-well microplates and incubated overnight. For Rb*
loading, cell culture medium was aspirated, and then 200 uL of Rb™
loading buffer was added per well and incubated for 3 h at 37 °C, 5%
CO,. The Rb* loading buffer contained (in mM): RbCl 5.4, Glucose 5,
HEPES 25, NaCl 150, MgCl, 1, NaH,PO, 0.8, CaCl, 2 (pH adjusted to
7.4 with NaOH). For measurement of Rb™ efflux block, blockers were
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added to the loading buffer in the final 30 min. Following the 3 h in-
cubation, the Rb* loading buffer was removed and cells were washed
gently three times with wash buffer before drug treatment. Wash buffer
contained (in mM): KCl 5.4, HEPES 25, NaCl 150, MgCl, 1, NaH,PO4
0.8, CaCl, 2 (pH adjusted to 7.4 with NaOH). Finally, the compound to
be measured was diluted to 100 uM in the depolarizing buffer, and
200 pL of the solution was added into the 96-well plate for 10 min.
Depolarizing buffer contained (in mM): KCl 90, HEPES 25, NaCl 80,
MgCl, 1, NaH,PO, 0.8, CaCl, 2 (pH adjusted to 7.4 with KOH). After
incubation for 10 min, 150 pL supernatant was aspirated carefully into
another 96-well plate, and Rb™ atomic absorption at 780 nm was de-
termined with Ion Channel Reader (ICR) 8000 flame atomic absorption
spectrometer (Aurora Biomed, Canada) [42]. All drugs were purchased
from Chengdu DeSiTe Biological Technology Co., Ltd (Chengdu, China)

2.5. Electrophysiology

All experiments were performed at room temperature (22-25°C).
Kv10.1 currents in HEK cells were recorded using the whole-cell patch
clamp technique with an EPC 10 amplifier (HEKA Electronic, Germany)
and PULSE software (HEKA) at an acquisition rate of 10 kHz, and sig-
nals were filtered at 2.5 kHz. The patch pipettes were made of bor-
osilicate glass (VitalSense Scientific Instruments Company, Chengdu,
China) and drawn using a P-97 puller (Sutter Instruments, Novato,
USA) with a pipette resistance of 3-5 MQ (whole-cell mode) or 1-1.5
MQ (inside out mode) when immersed in the bath solution. Unless
stated otherwise, the pipettes were filled with (in mM): KCl 130, MgCl,
5, EGTA 10, HEPES 10, K,ATP 5, HEPES 10 (pH 7.4 adjusted with
KOH). The standard bath solution contained (in mM): NaCl 140, KCl 4,
MgCl, 1, CaCl, 1.8, HEPES 10, Glucose 10 (pH 7.4 adjusted with
NaOH). Osmotic pressures fell within the ranged from 290 to
300 mOsm/1 for the pipette solution and from 300 to 310 mOsm/1 for
the bath solution as measured by an OM815 osmometer (Loser
Messtechnik, Germany). Currents were measured in the whole-cell
configuration with access resistances below 3 MQ.

2.6. Cytoplasmic calcium measurements

L-O2 cells stably expressing Kv10.1 were seeded 24 h before mea-
surements of cytoplasmic calcium concentrations. Cells were loaded
with the fluorescent calcium indicator Fluo-3 AM (10 pM) for 30 min in
dark at a 37°C incubator, and Fluo-3 AM fluorescence observations and
recordings were conducted on a confocal laser scanning microscope
(CLSM, SP5, Leica, Germany). Fluo-3 AM fluorescence was excited at
488 nm, and emission fluorescence was measured using a 515 nm long
pass filter. Changes in [Ca®*] were represented by changes in fluores-
cence intensity.

2.7. Proliferation assay

Briefly, L-O2 cells, Kv10.1 stably expressed L-O2 cells, Kv10.1
knocked down HepG2 cells and normal HepG2 cells were seeded into
96-well plates (4,000-7,000 cells/per well) and cultured for 24 h, re-
spectively. Then, the L-O2 cells were incubated for 48 h with vehicle
(DMSO as the control) or Procyanidin B1 (0.1-100 uM) before the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. MTT solution (5 mg/mL, 20 pL) was added to each well, and the
cells were incubated for 4 h. The supernatant was discarded, and DMSO
(150 pL) was added to each well. The 96-well plate was placed on a
shaker at 30 rounds per minute (rpm) for 10 min for the crystals to be
fully dissolved. A SpectraMAX i3 (Molecular Devices, Sunnyvale, CA,
USA) was used to record the absorbance at 490 nm. The percentage of
viable cells after treatment with Procyanidin B1 was calculated by di-
viding the absorbance of the Procyanidin Bl treated group by the ab-
sorbance of the vehicle-treated group. MTT cell proliferation and cy-
totoxicity assay kit were purchased from Solarbio (CAS No.:298-93-1;
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Table 1
Normalized Rb* efflux by 9 candidate drugs (100 uM).
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Beijing, China).
2.8. Wound healing assay

Cells were grown to 90% confluence in 24-well plates, scraped with
a sterile 200 pL tip and washed twice with phosphate-buffered saline
(PBS). After incubation with each own medium containing 1% fetal
bovine serum following treatment with Procyanidin B1 at 0, 5, 50, or
500 uM or DMSO, the cells were photographed at 0, 24, 48 and 72 h
under an inverted microscope (Olympus, Tokyo, Japan) at x 100
magnification. These experiments were carried out in quadruplication.

2.9. Molecular docking

The crystal structure of Kv10.1 revealed by cryo-EM (PDB ID: 5K7L)
[33] was used as a template to construct a continuous Kv10.1 channel
structure. The 5K7L structure is complemented using the model server
Swiss-model [43,44]. The modeling results showed that the GMQE
score was 0.71. To find the binding site of Procyanidin B1 on the Kv10.1
structure, AutoDock 4.2 [45-47] was used for molecular docking stu-
dies. AutoDock Tools v.1.5.6 [45-47] was used to prepare the PDBQT
files required for receptor and ligand molecules. The acceptor (Kv10.1)
structure was kept rigid, allowing the ligand to be flexible. During
PDBQT file preparation, Gasteiger charges [48] were assigned to the
ligand molecules. During the global docking, the entire protein is in-
cluded in the grid box, and the center of the grid box coincides with the
protein center. Precise docking is then performed where the drug is
distributed more. The size of the grid box for precise docking is 28 A x
32 A x 23 A. The center of the box was placed in the “C-linker cavity”.
All other docking parameters were set to default values. We used the
Lamarckian Genetic Algorithm (LGA) was used to determine the con-
formation of the Procyanidin B1. The times of docking were set to 100
and cluster analysis was performed to determine the optimal binding
conformation of Procyanidin Bl. Visualization and analysis of com-
plexes was performed using VMD 1.9 [49] and Open-Source Pymol
(https://pymol.org).

2.10. Xenograft experiments

Male Balb/c mice (4 weeks) purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd, were used for the in vivo tumor
growth inhibition experiments. Animals were handled according to
guidelines approved by the Animal Care and Use Committee of Hebei
Medical University Experimental Animal Center (license no. SCXK (Ji)

20081-003; certificate no. 909106). 8 x 10° HepG2 cells suspended in
200 pL of PBS were subcutaneously transplanted into the right flank of
each mice. When the tumor volumes reached 150 mm?, mice were
randomly divided into three groups (six mice per group) to be treated
with control, Procyanidin B1 (15 mg/kg) or cisplatin (6.5 mg/kg) by
subcutaneous injection, respectively. Mice were inspected every 2 days
for tumor development, loss of body weight and general condition, and
the tumor volumes were calculated using the standard formula
width? x length/2. Relative tumor volume (RTV) was defined as the
ratio of tumor volume at an indicated time versus that at the start of
drug treatment. At the end of the experiment animals were euthanized
by cervical dislocation. Finally, mice's tumors were dissected for com-
parison.

2.11. Data analysis

Graphical presentation and statistical data analysis were carried out
with GraphPad Prism 7. All data were presented as mean = SE.
Statistical significance was determined using analysis of variance and
the Student’s t test. P values < 0.05 indicate significant difference,
designated by an asterisk (*), while P values < 0.01 indicate very sig-
nificant difference, designated using double asterisks (**). The capaci-
tive transients of some traces in the figures were trimmed for clarity.

3. Result
3.1. Procyanidin B1 inhibits the efflux of Rb* through Kv10.1

As shown in Table 1, 9 kinds of natural compounds, from traditional
Chinese medicine with anti-cancer effect, were screened by the Rb™
efflux assay with ICR8000 in Kv10.1 stably transfected HEK-293 cells.
Astemizole, the most representative Kv10.1 channel inhibitor, was
adopted as the positive control (10 puM) [50]. If the candidate drug has
an inhibitory effect on the Kv10.1 channel, adding the drug to the
loading and depolarization process would reduce the outflow of Rb*,
similar to the effect of astemizole. In Table 1, it was shown that 100 pM
Procyanidin B1 significantly inhibits the outflow of Rb™. Therefore,
Procyanidin B1 might has an inhibition effect on Kv10.1, which needed
further confirmation.

3.2. Procyanidin B1 inhibits the currents of Kv10.1 channel in a
concentration-dependent manner

Whole cell patch clamp experiment was performed to study the
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Fig. 1. Procyanidin B1 induced a dose-dependent inhibition of the Kv10.1 current in whole-cell patch experiments. (a) Representative current of Kv10.1 inhibited by
various concentrations of Procyanidin B1 (0, 0.1, 1, 10, 100, 500 pM) or Astemizole (10 uM). (b) Current-voltage relationships for the experiments shown in panel
(a). (c) Dose-response relationships of Procyanidin B1 on Kv10.1 currents at + 100 mV. The ICs, of Procyanidin B1 on Kv10.1 channels is 10.38 * 0.87 uM. Data

were fitted with a Hill function (n = 5).

concentration dependence of Procyanidin Bl in inhibiting Kv10.1
channel. Fig. 1a shows the inhibition of Kv10.1 currents by Procyanidin
Bl at various concentrations. The Kv10.1 channel current was sig-
nificantly inhibited by 1 uM Procyanidin B1 and was almost completely
inhibited at 100 uM. The I-V curve of Procyanidin Bl on Kv10.1
channel is shown in Fig. 1b, wherein the current of Kv10.1 decreased
and the current characteristics gradually disappeared with increasing
Procyanidin B1 concentrations. As shown in Fig. 1c, the dose response
curve of Procyanidin Bl to Kv10.1 inhibition was shown, and the
ICso = 10.38 + 0.87 uM at + 100 mV (n = 5). The results showed
that with the increase of Procyanidin B1 concentration, the outward
and inward currents of Kv10.1 channel gradually decreased, and the
overall outward rectification characteristics gradually disappeared. In
conclusion, Procyanidin B1 is a small molecule inhibitor of the Kv10.1
channel, with a potent inhibitory effect on the Kv10.1 channel in a
concentration-dependent manner.

3.3. Procyanidin B1 does not elevate the intracellular Ca®*

Studies have shown that the Kv10.1 channel can be blocked by
elevated intracellular Ca®™ [51,52]. In order to explore the mechanism
of Procyanidin B1 inhibiting Kv10.1 channel, we measured the in-
tracellular Ca%* concentration in L-O2 cells stably expressing Kv10.1 by
Fluo-3 AM fluorescence. The PBS buffer in this experiment did not in-
clude Ca®*, so the change of fluorescence intensity can reflect the in-
tracellular Ca®™ levels. A23187, a Ca>* carrier, can carry extracellular
Ca®* to the cytoplasmic side of the cells and stimulates intracellular
Ca®™ production to enhance the Fluo-3 AM fluorescence, serving as the

positive control. Unlike the Ca®* carrier A23187, Procyanidin B1 did
not increase [Ca®*], as shown in Fig. 2a. According to Fig. 2b, from the
dynamic process of Ca®* changes in Procyanidin B1 treated L-O2 cells
stably expressing Kv10.1, it was concluded that Procyanidin B1 directly
inhibits Kv10.1 channel, rather than indirect inhibiting by using Ca®*
as the second messenger.

3.4. The putative binding pocket of Procyanidin B1 in Kv10.1 channel

To study the putative binding site of Procyanidin B1 on the Kv10.1
channel, AutoDock4.2 was used to study the binding details [35-37].
The acceptor (Kv10.1) structure was kept rigid, allowing the ligand
(Procyanidin B1) to be flexible. The times of docking was set to 100 and
cluster analysis was performed to determine the optimal binding con-
formation of Procyanidin B1. In Fig. 3a and b, the docking simulation
results show that there is an interaction between Procyanidin B1 and
Ile550, Thr552 and GIn557 in the C-linker domain of the Kv10.1
channel. In addition, compared with the wild type Kv10.1, the in-
hibitory effect of Procyanidin B1 on the mutant Kv10.1 channel (I550A-
T552A-Q557A) was significantly reduced (Fig. 3c-e,n = 3,p < 0.05).
As shown in the Fig. 3f, after the mutation, the half maximal inhibitory
concentration (ICso) of the mutant Kv10.1 was increased by about 40
times than that of the wild type Kv10.1. These data indicate that I550,
T552 and Q557 in the Kv10.1 C-linker domain form a putative binding
pocket, which binds with Procyanidin B1 to inhibit Kv10.1 channel.
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Fig. 2. Procyanidin B1 inhibits Kv10.1 channel without elevating intracellular [Ca®*]. (a) The Fluo-3 AM fluorescence of intracellular Ca®>* concentrations in L-02
cells stably expressed Kv10.1 treated with Procyanidin B1 or A23187. (b) Relative fluorescence intensity of intracellular [Ca®*] after sequential addition of 100 pM
Procyanidin B1 and 10 pM A23187 to the bath solution (n = 6). (c) Statistical analysis of the relative fluorescence intensity in (b).

3.5. Procyanidin B1 specifically inhibits the currents of Kv10.1 channel

Since Kv10.1 is an outwardly rectified voltage-gated channel, we
selected three voltage-gated potassium channels, KCNQ1 (Kv7.1)
[29,53], HERG (Kv11.1) [54-57], and an inward rectification channel,
Kir2.1 [58-60], as candidates for testing the specificity of Procyanidin
B1 for Kv10.1. As shown in Fig. 4, the Kv10.1 channel currents were
almost completely inhibited by 100 pM Procyanidin B1. However,
100 uM Procuanidin B1 did not significantly influence the currents of
the KCNQ1/KCNE1, HERG and Kir2.1 channels. It is noteworthy that
all currents can be completely suppressed by the corresponding specific
inhibitors. Therefore, it can be concluded that Procyanidin B1 is a po-
tent and specific inhibitor of Kv10.1 channel.

3.6. Procyanidin B1 suppresses tumor cell proliferation and migration by
inhibiting Kv10.1

Cell viability was measured by the MTT assay in L-O2, L-O2 cells
stably transfected Kv10.1 cells, and HepG2 cells, respectively. These
cells were incubated for 72 h under different concentrations of
Procyanidin B1. As shown in Fig. 5a, Procyanidin B1 had no influence
on the proliferation of normal liver tissue cells L-O2 (a Kv10.1 nega-
tively expressed cell line). But the proliferation of L-O2 cells which
were stably transfected with Kv10.1, and HepG2 cells showed sig-
nificant inhibitory effects in a concentration-dependent manner. To
further demonstrate that Procyanidin B1 inhibits cell proliferation by
inhibiting the Kv10.1 channel, we performed a proliferation experiment

on HepG2 cells after Kv10.1 was knocked down. Compared with NC-
shRNA HepG2 cells, the inhibitory effect of Procyanidin B1 in Kv10.1-
shRNA group was significantly decreased, as shown in Fig. 5b.

The effect of Procyanidin B1 on cell migration was determined by
wound healing experiment in L-O2 cells, HuH-7 cells and HepG2 cells.
Cells were treated with DMSO (control), 5 uM, 10 uM, 50 uM, 100 pM
and 500 pM Procyanidin B1 for 24, 48 or 72 h, respectively. As shown
in Fig. 5c—e, the migration of both HuH-7 and HepG2 liver cancer cells
was significantly inhibited compared to that of the normal L-O2 cells.

In conclusion, Procyanidin Bl can inhibit the proliferation and
migration of liver cancer cells (HuH-7 cells, HepG2 cells) by inhibiting
the Kv10.1 channel.

3.7. Procyanidin B1 inhibits the development of tumor in xenograft mice

To explore the potential anti-tumor efficacy of Procyanidin Bl in
vivo, a subcutaneous tumor model of liver cancer (HepG2 cells) was
established with Balb/c mice. Xenograft mice with HepG2 tumors were
treated with different drugs through subcutaneous injection every three
days. A broad-spectrum anticancer drug, cisplatin, was adopted as the
control. As shown in Fig. 6b, boby weight of mice treated with 6.5 mg/
kg cisplatin rapidly decreased within 21 days, demonstrating that the
side effect of cisplatin was quite severe. On the contrary, in Fig. 6b,
boby weight measurement assay showed that Procyanidin B1 had
negligible side effect on the animal metabolism. As shown in Fig. 6¢, d,
e, both Procyanidin B1 and cisplatin can inhibit tumor development. In
the tumor model treated with Procyanidin B1, it was shown in Fig. 6f
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Procyanidin B1 binds with the Kv10.1 structure. To be clear, only two opposite subunits of Kv10.1 channel are shown, the protein is represented in cartoons and
Procyanidin B1 is represented in spheres. (b) Molecular docking results show the putative binding pocket of Procyanidin B1 molecule to Kv10.1. (c) Characteristic
Kv10.1 current induced by various concentrations of Procyanidin B1 (0, 30, 100, 300, 1000 pM or 10 pM astemezole) on I550A-T552A-Q557A Kv10.1 channels. (d)
Current-voltage relationships for the experiments shown in panel (c). (e) Dose-response relationships of Procyanidin B1 on WT and I550A-T552A-Q557A Kv10.1
channel currents recorded at +100 mV. The ICs( of Procyanidin B1 on WT Kv10.1 channels is 10.38 + 0.87 uM. The ICs, of Procyanidin B1 on I550A-T552A-Q557A
Kv10.1 channels is 430.6 = 0.83 uM. Data were fitted with a Hill function (n = 3). (f) Statistical analysis of ICs, values between WT and I550A-T552A-Q557A

Kv10.1 channels.

that the tumor inhibition rate of 15 mg/kg Procyanidin Bl is about
60.25%, and that of 6.5 mg/kg cispaltin is about 76.99%. There was no
significant difference in tumor suppression effect between the above
two groups. From this experiment, we can conclude that Procyanidin
B1 can suppress tumor development with almost no side effect in an-
imal metabolism. The drug deserves our attention due to its high bio-
safety.

4. Discussion

Liver cancer is one of the malignant tumors that seriously threaten

people's health. Studies have shown that the Kv10.1 channel plays an
important role in the evolution of tumors [1,2]. In this study, Procya-
nidin B1, a natural compound from a traditional Chinese medicine the
grape seed, was indentified as a potent inhibitor of the Kv10.1 channel.
In addition, Procyanidin B1 can reduce cell proliferation, migration in
vitro, and can inhibit the growth of xenograft-hepatocyte tumors in vivo
by inhibiting Kv10.1.

As for the inhibition mechanism of Procyanidin B1, we first de-
monstrated that Procyanidin Bl directly inhibits the Kv10.1 channel
rather than using the second messenger intracellular Ca%*. In previous
studies, intracellular Ca®>* was verified to inhibit voltage-gated
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Fig. 4. Procyanidin B1 had no obviously effect for different potassium channels in whole-cell patch clamp recordings. (a, c, e) Characteristic currents of Kir2.1, HERG
and KCNQ1/KCNE1 channels, respectively, in transient transfected HEK cells, 100 uM Procyanidin B1 and the corresponding specific inhibitors subsequently. (b, d, f)
The average currents of Kir2.1, HERG and KCNQ1/KCNE1 channels inhibited by 100 pM Procyanidin B1 and the corresponding specific inhibitors (n = 4).

potassium channels [61]. According to our experimental results, Pro-
cyanidin B1 did not cause an increasing of intracellular Ca%™ [62]. As
shown in Fig. 3, the docking results indicated that 1550, T552 and Q557
in the C-linker domain of the Kv10.1 structure form a putative binding
pocket, which is critical for the direct inhibition of Procyanidin B1.

Experimental results of site-directed mutagenesis also supported this
conclusion. According to the Kv10.1 gating mechanism proposed by
Whicher and Jonathan R, S4 enters the cytoplasm in a hyperpolarized
state to interact with and induce a rotation of the C-linker and S6 in a
direction that tightens the helical bundle to close the channel [33,63].
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Fig. 5. Effects of various concentrations of Procyanidin B1 on the proliferation of L-O2 cells, L-O2 stably expressing Kv10.1 cells, and HepG2 cells. (a) Rate of cell
proliferation of L-O2 cells, L-O2 cells stably expressing Kv10.1 cells, and HepG2 cells, treated with various concentrations of Procyanidin B1 (0, 0.1, 1, 10, 100 uM)
(n =12,*p < 0.05, **p < 0.01, *** < 0.001, representing significant difference compared to the corresponding control cells treated with Procyanidin B1. (b) Rate
of cell proliferation of HepG2 cells treated with different concentrations of Procyanidin B1 (0, 0.1, 1, 10, 100 uM) and Kv10.1-shRNA HepG2 (n = 6, *p < 0.05,
show significant difference from HepG2 cells treated by 0 uM Procyanidin B1). (c, d, ) The wound healing assay under the condition of different concentrations
Procyanidin B1 (0, 5, 10, 50, 100, 500 uM) of L-O2 cells, HuH-7 cells and HepG2 cells (n = 5). (f, g, h) Rate of wound area conducted on different cell lines and

different concentrations with Procyanidin B1.

The results of this study are consistent with the gating mechanism
proposed by Whicher and Jonathan R. Similarly, in our group’s pre-
vious study, Wang et al, also found a Kv10.1 inhibitor tetrandrine,
which acts on 1550, T552 and Q557 in the C-linker domain of the
Kv10.1 structure [64]. The binding pocket including 1550, T552, Q557
might be a common inhibitor binding pocket, which needs further
confirmation.

As far as we know, the precise membrane receptor of Procyanidin
Bl remains unclear. Procyanidin Bl is a dimers form of
Proanthocyanidins [65]. With regard to the anti-cancer effect of
proanthocyanidins, Meeran, S.M.and Katiyar, S.K. showed that
Proanthocyanidins inhibits the mitogenic and survival-signaling in vitro
and tumor growth in vivo [66]. Mantena, S.K. and Baliga, M.S show
proanthocyanidins not only can induce apoptosis, and inhibit metas-
tasis of highly metastatic breast carcinoma cells, but it also can inhibit
UV-radiation-induced oxidative stress and activation of MAPK and NF-
kB signaling in human epidermal keratinocytes to inhibit cancer. Si-
milarly, proanthocyanidins can promote apoptosis in human epi-
dermoid carcinoma A431 cells though caspase-3 activation via loss of
mitochondrial membrane potential [39,67]. Roy, A.M. and Baliga, M.S.
also find Proanthocyanidins can induce apoptosis through p53, Bax,
and Caspase-3 pathways [68]. In the present work, we first discovered a

cell membrane receptor, Kv10.1, accounting for the inhibiting cancer
function of Procyanidin B1.

At present, the treatment of liver cancer mainly includes surgery,
radiotherapy and chemotherapy. Because liver cancer is not sensitive to
radiotherapy, and the treatment of conventional chemotherapy drugs,
such as adriamycin, fluorouracil, cisplatin, etc, has serious toxic and
reverse effects, therefore, molecular targeted therapy attracts more and
more attention [69-72]. The representative drugs are multi-target drug
(sorafenib, sunitinib, and multi-kinase inhibitors) [73-75], anti-angio-
genic drugs (bevacizumab) [76,77] and anti-EGFR drugs (erlotinib,
cetuximab) [78,79]. They are able to significantly inhibit tumor de-
velopment but with significant reverse effects, including hand-foot
syndrome, diarrhea, fatigue, weakness and bleeding. Procyanidin B1, as
a member of the natural compound, is not toxic to normal cells (L-02),
as can be seen in the MTT cell proliferation assay in vitro. Cell line
derived HepG2 cells xenograft tumor shown that 15 mg/kg (100 uM)
have hardly any side effects on body weight in vivo. The data from in
vitro tests and in vivo animal toxicity studies indicate that Procyanidin
B1 are not genotoxic in nature.

Overall, the study identified a natural compound Procyanidin B1,
which is a novel, selective, potent and safe Kv10.1 ion channel inhibitor
and can target the Kv10.1 channel to inhibit the proliferation and



W. Na, et al

\

Injected with

M
Lo 01234567839

Biochemical Pharmacology 178 (2020) 114089

Intragastric administration and tumor volume measurement

v v
...... 21 Days 1

HepG2 cells

3

=n
()

Tumor volume reach 150mm?®

-e— Control
-#  15mg/kg Procyanidin B1
120 —  6.5mg/kg Cispaltin
A =
3 Control <@ ‘ ’ ' . ,
gﬁ 110
] i Procyanidin B1
_g 15 mg/kg ‘ . ‘ . ‘ Q
] -
B 1007 = Eiiriati
0 = isplatin '
S 6.5 mg/kg » ° ® ¢ o
Z 90
>
=
S
m 80 T T T T T T T T
0 3 6 9 12 15 18 21
Days after injection
dededk
d -o— Control € T f
-#- 15mg/kg Procyanidin B1 ek
& 6.5mg/kg Cispaltin o ns
87 | 2 1201
N
—_ —~ = |
of E =
= ¢ = _é_t- £ 901 N
= = = MM
=0 20 ® u = "
) (] =
z 4 z v = 601 = _L
= : 5 1] g
g / " L+ g - £ v
= 27 . LA b = 2 304
= —0 S = v ‘s
v o
0-— T T T T T T T 0 T — é 0 .
0 3 6 9 12 15 18 2 ”
) & R R R o
Time (days) o ‘)‘\\6‘ o® ‘\-‘3\“ C\sq"
Q‘od o \d (Qd‘) oo\\l‘%
o \6“\%

Fig. 6. Procyanidin B1 reduces tumor growth in vivo in a concentration-dependent manner. (a) Schematic diagram of experimental design and treatment. (b) Body
weight change curve of mice treated with a vehicle control, 15 mg/kg Procyanidin B1 or 6.5 mg/kg cisplatin, respectively. (c) The tumors 21 days after Procyaidin B1
and cisplatin treatment. (d) Relative tumor volume curve of mice treated with a vehicle control, 15 mg/kg Procyanidin B1 or 6.5 mg/kg cisplatin, respectively. (e) (d)
Tumor weight of mice treated with a vehicle control, 15 mg/kg Procyanidin Blor 6.5 mg/kg cisplatin, respectively. (e)Rate of tumor inhibition treated with a vehicle
15 mg/kg Procyanidin B1 or 6.5 mg/kgcisplatin, respectively. The calculation formula is (C-T)/C X 100%, wherein C is the average weight of the control group and T

is the average tumor weight of the mice treated with various drugs.

migration of liver tumor cells, and development of xenograft-hepato-
cyte tumors. More importantly, the study reveals a new mechanism
how Procyanidin Bl exerts inhibition effect on the Kv10.1 channel.
Therefore, Procyanidin B1 has potential to be developed as a drug
targeting Kv10.1 for the clinical therapy of liver cancer. It is also co-
firmed that Kv10.1 can be used as a target for cancer treatment.
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