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Voltage-gated potassium (Kv) channels are involved in many
important cellular functions and play pivotal roles in cancer
progression. The expression level of Kv2.1 was observed to be
higher in the highly metastatic prostate cancer cells (PC-3), spe-
cifically in their membrane, than in immortalized prostate cells
(WPMY-1 cells) and comparatively less metastatic prostate cancer
cells (LNCaP and DU145 cells). However, Kv2.1 expression was
significantly decreased when the cells were treated with anti-
oxidants, such as N-acetylcysteine or ascorbic acid, implying that
the highly expressed Kv2.1 could detect reactive oxygen species
(ROS) in malignant prostate cancer cells. In addition, the blockade
of Kv2.1 with stromatoxin-1 or siRNA targeting Kv2.1 significant-
ly inhibited the migration of malignant prostate cancer cells.
Our results suggested that Kv2.1 plays an important role as a
ROS sensor and that it is a promising therapeutic molecular tar-
get in metastasis of prostate cancer. [BMB Reports 2021; 54(2):
130-135]

INTRODUCTION

Voltage-gated potassium (Kv) channels are a large group of
channels that can conduct potassium ions depending on vol-
tage changes with wide expression in numerous excitable and
non-excitable cells (1, 2). Studies have revealed that Kv chan-
nels are involved in various cellular functions, such as ion con-
ductance, cell proliferation, apoptosis, migration, invasion, and
oxygen sensing (3-5). Kv channels are the crucial mediators of
neuronal excitability in neurons (6). Moreover, they control T
cell activation and cytokine production in T cells (7) and play
a role in the progression and malignancy of cancer cells (8).
Recently, it has been demonstrated that the functions of Kv chan-
nels are closely correlated with their subcellular localization (9).
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Kv channels have been suggested to contribute to various
important aspects of cancer biology (10). Kv channels are invol-
ved in cancer progression by regulating important cellular func-
tions, including cell cycle and entry of calcium ions (11). Ac-
cumulating evidence has indicated that ion channel expression
levels are closely related to cancer malignancy (12, 13). Elevated
expression levels of Kv channel also have been detected in
several human malignant cancers (14). Specifically, Kv channels,
which are modulated by oxidation, have been suggested to
play pivotal roles in cancer progression given that high reactive
oxygen species (ROS) production in cancer cells is one of the
important triggers of cancer progression (15). In our previous
study, we have revealed that the expression level of the oxida-
tion-sensitive Kv channels Kv3.1 and Kv3.4 could be regulated
by the ROS level in cancer cells and that these Kv channels are
involved in cancer cell migration and invasion (5).

Prostate cancer is the second leading cause of cancer-related
death in males (16). Given that prostate cancer has a long latency
period and is potentially curable, it is essential to develop effi-
cient screening methods for early diagnosis and characteriza-
tion of prostate cancer (17). Prostate-specific antigen (PSA) is
the most well-known biomarker for the diagnosis of prostate
cancer (18). However, the use of serum PSA level as a screen-
ing tool to diagnose prostate cancer has an important limitation
(19). Given that a high PSA level can be detected in patients
with benign prostatic hyperplasia, which is common in elderly
patients, identifying the exact cancer type based on the serum
PSA level is challenging (20). Therefore, novel biomarkers are
needed to diagnose prostate cancer and distinguish between
different cancer types (21).

In this study, we investigated the relationship between the
oxidation-sensitive Kv channels and cancer malignancy by elu-
cidating the molecular and functional expression of Kv channels
in immortalized prostate cells and prostate cancer cells.

RESULTS

mRNA and protein expression levels of Kv2.1

RT-PCR and real-time RT-PCR analyses revealed that Kv2.1
was considerably detected in highly metastatic prostate cancer
cells (PC-3), whereas the expression level of Kv2.1 was consider-
ably low to be detected in immortalized prostate cells (WPMY-

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



1) and other prostate cancer cells [LNCaP and DU145] (Fig.
1A, B). Moreover, the protein expression of Kv2.1 was consider-
ably higher in PC-3 cells than in the other three prostate cells
based on the Western blot analysis results (Fig. 1C), thereby
demonstrating that Kv2.1 was highly expressed only in PC-3
cells and not in WPMY-1, LNCaP, and DU145 cells (Fig. 1A-C).
In addition to Kv2.1, we screened 10 different Kv subunits,
Kv1.5, Kv2.2, Kv3.1, Kv3.3, Kv3.4, Kv4.1, Kv7.2, Kv7.3, Kv9.1,
and Kv9.3 and found that Kv2.1 is the only Kv channel that
was highly expressed in the PC3 cells compared to WPMY-1
(Supplementary Fig. 1). Moreover, the subcellular localization
of Kv2.1 demonstrated that Kv2.1 was localized in the mem-
brane of the PC-3 cells (Fig. 1D).

Whole-cell patch-clamp recording of Kv2.1 current in
WPMY-1 and PC-3 cells

To confirm the functional expression of Kv2.1 in PC-3 cells,
we performed a whole-cell patch-clamp recording in WPMY-1
and PC-3 cells. Fig. 2 shows the representative current traces
recorded in PC-3 cells (A, left) and WPMY-1 cells (B, left). The
current recorded in PC-3 cells was inhibited by stromatoxin-1
(ScTx-1) (600 nM), a Kv2.1 blocker (Fig. 2A). On the contrary,
no inhibition was observed on the current recorded in WPMY-1
cells (Fig. 2B). The current density-voltage relationship of the
whole-cell Kv current was significantly greater in PC-3 than in
WPMY-1 cells (Fig. 2C). The ScTx-1-sensitive current density-vol-
tage curve demonstrated that the ScTx-1-sensitive Kv2.1 current
was also significantly greater in PC-3 than in WPMY-1 cells (Fig.
2D).

The highly expressed Kv2.1 in PC-3 cells was downregulated
by ROS scavengers

To understand the correlation between Kv2.1 expression and
ROS level, we employed N-acetylcysteine (NAC) or ascorbic
acid as a ROS scavenger. After treatment with NAC (4 mM) for
12 h to reduce the ROS level, the protein expression level of
Kv2.1 in PC-3 was significantly decreased by 16.7% (Fig. 3A).
Ascorbic acid (40 puM) also reduced the protein expression
level of Kv2.1 in PC-3 by 12.3% (Fig. 3B). However, NAC (4
mM) and ascorbic acid (40 uM) demonstrated no effect on the
cell viability of PC-3 cells (data not shown). Furthermore, NAC
reduced the protein expression of Kv2.1 in the membrane
fraction by 32% where Kv2.1 is mainly expressed in PC-3 cells
(Fig. 3C). To confirm the downregulation of Kv2.1 in PC-3 cells,
we performed a whole-cell patch-clamp recording in PC-3
cells and found that the whole-cell Kv current was significantly
lesser in the NAC treatment group than the control group (Fig.
3D).

The migration of PC-3 cells was inhibited by Kv2.1 blocker
ScTx-1 or siRNA targeting Kv2.1

We investigated the effect of Kv2.1 on the proliferation and
migration of WPMY-1 and PC-3. The 24-hour ScTx-1 (600 nM) treat-
ment did not exert any effect on the proliferation of WPMY-1
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Fig. 1. mRNA and protein expression levels of Kv2.1 in prostate cells.
(A) RT-PCR result showing Kv2.1 expression in one immortalized pro-
state cell (WPMY-1) and three prostate cancer cells (LNCaP, DU145,
and PC-3). (B) Realtime RT-PCR analysis of Kv2.1 expression in
WPMY-1, LNCaP, DU145, and PC-3 cells. 2*(-AACt) method was
used to calculate relative quantities of mRNA using GAPDH as a
reference gene. (C) Western blot analysis of the protein expression
levels of Kv2.1 in four prostate cells. (D) Subcellular fractionation
of Kv2.1 in PC3 cells. The Na-K ATPase was used as a membrane
marker. All experiments were performed in quadruplicate and data
are presented as mean + standard error. ***P < 0.001 versus the
PC-3 value.

and PC-3 cells (Fig. 4A). However, based on the transwell mig-
ration assay results, the ScTx-1 treatment (600 nM) reduced the
migration of PC-3 cells by 48.6%, which was a significant re-
duction relative to that of the negative control group (Fig. 4C).
On the other hand, the ScTx-1 treatment did not exert any
significant effect on the migration of WPMY-1 cells (Fig. 4B).
Moreover, as shown by the transwell migration assay results,
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Fig. 2. Whole-cell patch-clamp recording of Kv2.1 current in WPMY-
1 and PC-3 cells. (A) Representative current traces in PC-3 cells in
the absence (Control, left) and presence of 600 nM ScTx-1 (right).
(B) Representative current traces in WPMY-1 cells in the absence
(Control, left) and the presence of 600 nM ScTx-1 (right). (C) Cur-
rent density-voltage relationships between Kv current in WPMY-1 and
PC-3 cells (n = 5). (D) Current density-voltage relationship between
ScTx-1-sensitive current in WPMY-1 and PC-3 cells (n = 3). The cells
were held at —60 mV, and the currents were elicited by a test pulse
ranging from —100 mV to +70 mV at 10 mV increments. All expe-
riments were performed as indicated and the data are presented
as mean + standard error. *P < 0.05 versus the WPMY-1 value.

the siRNA treatment (30 nM) reduced the migration of PC-3
cells by 56%, which was a significant reduction relative to that
of the vehicle control group (Fig. 4E) without any effect on the
proliferation of PC-3 cells compared with the negative and
vehicle control (Fig. 4D).
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Fig. 3. Downregulation of Kv2.1 expression in PC-3 cells by ROS
scavengers. (A) Change in the protein expression of Kv2.1 in PC-3
cells treated with 4 mM NAC; the Kv2.1 protein expression was
downregulated (n = 3). (B) Change in the protein expression of
Kv2.1 in PC3 cells treated with 40 uM ascorbic acid; the Kv2.1
protein expression was downregulated (n = 5). (C) Protein expres-
sion of Kv2.1 in the membrane of PC-3 cells treated with 4 mM
NAC (n = 3). The Na-K ATPase was used as a membrane marker.
(D) Current density-voltage relationships between the Kv current
in PC-3 cells in the absence [Control (SFM)] and the presence of
4 mM of NAC (n = 3). Control (SFM) represents the results of the
control recorded in the serum-free media and NAC represents the
group treated with 4 mM NAC. All experiments were performed
as indicated and the data are presented as mean + standard error.
*P < 0.05 versus the control (SFM) value.

DISCUSSION

Kv channels play important roles depending on the cell types
and their intracellular localization (22). Highly proliferative cells
are more depolarized, and a change in membrane potential
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Fig. 4. Inhibition of PC-3 cell migration through Kv2.1 blockade with
ScTx-1 or siRNA. (A) CCK-8 data obtained after treatment of WPMY-1
and PC-3 cells (n = 6) with 600 nM ScTx-1. (B) Hemacolor™ rapid
staining images and quantitative graph of the migration of WPMY-1
cells (n = 3). Control represents the negative control and ScTx-1 repre-
sents the cells treated with 600 nM ScTx-1. (C) Hemacolor® rapid
staining images and quantitative graph of the migration of PC-3 cells
(n = 6). Control represents the negative control and ScTx-1 represents
the cells treated with 600 nM ScTx-1. (D) CCK-8 data obtained after
treatment of prostate cancer cells (PC-3; n = 6) with 30 nM Kv2.1
siRNA. NC represents the negative control; VC represents the vehicle
control; and siRNA represents the cells treated with 30 nM Kv2.1
SiRNA. (F) Hemacolor® rapid staining images and a quantitative graph
of the migration of PC-3 cells after 30 nM Kv2.1 siRNA treatment
(n = 4). All experiments were performed as indicated and data are
presented as mean + standard error. *P < 0.05 and **P < 0.01
versus the control value. Scale bar = 100 um.

occurs during cell cycle progression, as well as during cell
migration and cytokine production (23). These phenomena indi-
cate the participation of ion channels, including Kv channels,
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in cancer proliferation (24). In cancer cells, Kv channels are in-
volved in cancer cell proliferation, cell cycle progression, apop-
tosis, migration, invasion, and oxygen sensing (4, 5, 25). A
growing body of evidence has suggested that Kv channel dys-
regulation is associated with key aspects of cancers and that
targeting specific potassium channel subtypes is a promising
therapeutic approach (10).

Our present results demonstrated that Kv2.1 was highly expres-
sed in the highly metastatic prostate cancer cells (PC-3 cells)
relative to the expression level in immortalized prostate cells,
and low metastatic and moderately metastatic prostate cancer
cells. Kv2.1 was the only Kv channel which showed different
protein expression level in PC-3 cells compared with the other
three different prostate cells. Moreover, Kv2.1 was highly ex-
pressed in the membrane of PC-3 cells. To detect the func-
tional expression of Kv2.1 in PC-3 cells, a whole-cell patch-
clamp recording was performed in WPMY-1 and PC-3 cells.
Our results showed that not only the whole-cell current but
also the ScTx-1-sensitive current were significantly greater in
PC-3 than in WPMY-1 cells. These data demonstrated that the
functional expression of Kv2.1 in malignant prostate cancer
cells was increased relative to that in immortalized cells.

It is a well-known fact that cancer cells exhibit elevated ROS
production compared with normal cells (26). A study has demon-
strated that ROS is required for aggressive phenotype expres-
sion and the degrees of ROS generation were higher in PC-3
cells than in WPMY-1, LNCaP, and DU145 cells (27). Kv chan-
nels are also regulated by changes in ROS level; ROS holds
the potential to affect channel protein and membrane compo-
nents directly, or at the level of gene transcription, ROS-depen-
dent regulation of Kv channels can take place (28). Interes-
tingly, the highly expressed Kv2.1 in PC-3 cells was downregu-
lated by ROS scavengers; NAC, or ascorbic acid. Moreover, the
downregulation of the Kv2.1 was evident in the membranous
fraction. These results suggest specifically decreased expression
of Kv2.1 in the membrane of the cells. Based on the present
results, we could assume that the highly expressed Kv2.1 in
the membrane of PC-3 cells could function as a ROS sensor
given that Kv2.1 expression in the membrane is regulated by
NAC and ascorbic acid. The action of NAC is due to its anti-
oxidative or free radical scavenging property, wherein it acts
as an antioxidant by increasing the intracellular glutathione
levels (29). Ascorbic acid exhibits antioxidant activity in itself
(30). To circumvent the anti-proliferative effect of a high NAC
or ascorbic acid concentration on cancer cells, we verified the
optimal NAC or ascorbic acid concentration for our experiment
by performing cell counting kit-8 (CCK-8) assay (31, 32). Several
ion channels including transient receptor potential mucolipin-1
(TRPMLT), TRPML2, and TRP channels have actually been iden-
tified as redox sensors on plasma membrane or intracellular
organelles (33, 34). Specifically, TRPML2 can exhibit ROS-sen-
sing capability in cancer cells. TRPML2 localized in lysosomal
membranes were strongly activated by H202 and modulated
cancer cell migration (35). Similarly, Kv2.1 exhibited ROS-sensing
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capability in PC-3 cells.

It was observed that Kv2.1 was involved in cell migration in
PC-3 cells. Our results showed that blockade of Kv2.1 with
ScTx-1 or siRNA knockdown efficiently inhibited cancer cell
migration without exerting any effect on prostate cancer cell
proliferation. Consistent with our work, a study has reported a
correlation between Kv2.1 and cell migration (36). Hu et al.
demonstrated that hypoxic preconditioning enhances bone
marrow mesenchymal stem cell migration via the increased
Kv2.1 expression. Moreover, Kv2.1 serves as an inducer of focal
adhesion kinase activation and cell motility. It is well-known
that the harsh microenvironment around the cancer cells can
trigger cancer metastasis (37). Cancer cells get easily exposed
to high ROS levels, that impact cell migration (38). Accumula-
ting evidence has demonstrated that ROS acts as an intracel-
lular signaling molecule (39). Based on our results and previous
findings, it is hypothesized that the Kv2.1 expressed in PC-3 cells
may detect ROS around the PC-3 cells and regulate ROS-re-
lated cancer cell migration.

In conclusion, Kv2.1 was highly expressed in PC-3 cells, and
NAC specifically reduced the expression level of Kv2.1 in the
membrane of PC-3 cells. In addition, the pharmacological inhi-
bition of Kv2.1 using ScTx-1 or siRNA knockdown significantly
reduced cell migration. These results suggested that Kv2.1 lo-
calized in the membrane plays a role as a ROS sensor and
Kv2.1 can be employed as a promising biomarker and a thera-
peutic target for malignant prostate cancer.

MATERIALS AND METHODS

Detailed information is provided in the Supplementary Informa-
tion.
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