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Introduction

Cancer represents a major public health problem and is a lead-

ing cause of death worldwide. As reported by the American 

Cancer Society, more than 1.6 million new cases were diag-

nosed in 2013, and one in four deaths in the US is cancer re-

lated. The standard of care for many cancers typically includes 

surgery, chemotherapy, and radiation therapy. Although these 

traditional clinical measures have proven their ef�cacy in can-

cer treatment, patients often experience debilitating side effects 

that signi�cantly reduce their quality of life. In addition, cancer 

relapse with treatment resistance underscores the urgent need to 

identify novel molecular targets for the development of alterna-

tive therapies.

Ion channels are transmembrane proteins that regulate the 

�ow of ions across biological membranes. About 13% of cur-

rently known drugs whose primary therapeutic targets are ion 

channels are being used for the treatment of a variety of human 

conditions, including cardiovascular and neurological disorders 

(Overington et al., 2006). Although our knowledge of ion chan-

nel functions in the physiological and pathological conditions 

of excitable cells such as cardiomyocytes and neurons is vast, 

it is only recently that the manifold functions of ion channels 

in driving malignant cancer cell behaviors have been reported. 

Potassium channels represent the most diverse group of ion 

channels, and have enormous potential as therapeutic targets 

for personalized cancer treatment, given their huge functional 

and structural diversity. In this review we summarize the dys-

regulated potassium channel expression in cancer, discuss the 

complex mechanisms potassium channels use for regulating 

cancer cell proliferation and migration, illustrate the therapeutic 

value for targeting potassium channel in preclinical models, and 

outline the major unanswered questions in the �eld. We direct 

the readers to excellent reviews on the functional roles of other 

ion channel classes in cancer (sodium channels: Roger et al., 

2006; Djamgoz and Onkal, 2013; Fraser et al., 2014; calcium 

channels: Yang et al., 2010; Monteith et al., 2012; TRP chan-

nels: Prevarskaya et al., 2011; Santoni and Farfariello, 2011; 

Ouadid-Ahidouch et al., 2013; chloride channels: Cuddapah 

and Sontheimer, 2011).

Potassium channels

The >400 ion channel–encoding genes represent 1.5% of the 

human genome, and ion channels display vast structural and 

functional diversity. These channels are central regulators of the 

distribution of potassium, sodium, calcium, and chloride ions 

for cellular ionic homeostasis and contribute to essentially all 

fundamental cellular processes. Here we focus on potassium 

channels, which selectively conduct potassium ions across the 

membrane down their electrochemical gradient. Because the 

sodium-potassium pump (Na+-K+-ATPase) transports two po-

tassium molecules into the cell and three sodium molecules out 

of the cell at the cost of hydrolyzing one ATP molecule, this 

results in a higher intracellular potassium concentration. Once 

a potassium channel opens, it allows potassium ions to �ow 

down its concentration gradient. This potassium conductance 

will drive the cell membrane potential toward the equilibrium 

potential for potassium. In nonexcitable cells or excitable cells 

at their basal state, the resting membrane potential is generally 

maintained at negative values ranging from 30 to 85 mV.  

The membrane potential can either become more negative (a pro-

cess called hyperpolarization) or more positive (a process called 
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Potassium channels are pore-forming transmembrane 
proteins that regulate a multitude of biological processes 
by controlling potassium flow across cell membranes. Ab-
errant potassium channel functions contribute to diseases 
such as epilepsy, cardiac arrhythmia, and neuromuscular 
symptoms collectively known as channelopathies. Increas-
ing evidence suggests that cancer constitutes another cat-
egory of channelopathies associated with dysregulated  
channel expression. Indeed, potassium channel–modulating  
agents have demonstrated antitumor efficacy. Potassium  
channels regulate cancer cell behaviors such as prolifer-
ation and migration through both canonical ion permeation– 
dependent and noncanonical ion permeation–independent  
functions. Given their cell surface localization and well-
known pharmacology, pharmacological strategies to 
target potassium channel could prove to be promising 
cancer therapeutics.
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easily in the inward direction (into the cell) than the outward 

direction (out of the cell). Two-pore domain potassium chan-

nels (K2P) have two pore domains per  subunit, each pore do-

main with two transmembrane segments �anking a reentrant 

pore loop (Fig. 1). Two such  subunits form a K2P channel 

that is usually constitutively open as a “leak channel” for main-

taining a negative membrane potential. While the pore domain 

of all potassium channels possesses a highly conserved GYG/

GFG signature motif, the molecular diversity of potassium 

channels is immense. Potassium channels form homomeric or 

heteromeric complexes assembled with  subunits from the 

same subfamily. The presence of auxiliary subunits can modify 

the functional properties and further diversify these channels. 

For example, a BK channel can be activated at resting mem-

brane potential without an increase of intracellular calcium 

concentration by forming a complex with an auxiliary protein 

(Yan and Aldrich, 2010). Potassium channel mRNAs are sub-

jected to RNA editing (Bhalla et al., 2004; Garrett and Rosenthal, 

2012; Ryan et al., 2012) and alternative splicing (Schwarz  

et al., 1988; Xie and McCobb, 1998; Sun et al., 2009), and the 

channel proteins can be further modi�ed at the posttranslational 

level by phosphorylation (Park et al., 2008), sumoylation (Plant 

et al., 2010) (Plant et al., 2011), palmitoylation (Shipston, 

2011), and glycosylation (Khanna et al., 2001; Gong et al., 

2002). These RNA and protein modi�cations together with the 

depolarization) compared with the resting potential as various 

ion channels open. Because potassium channels dominate the 

ion conductance at the resting state, the resting membrane po-

tential is slightly more positive than the equilibrium potential for 

potassium. So, in general, potassium channel activation would 

cause hyperpolarization, whereas opening of sodium channels 

or chloride channels would cause depolarization.

With 78 members, potassium channels can be divided 

into four main classes based on their domain structure and acti-

vation mechanisms (Fig. 1). Voltage-gated potassium channels 

(Kv), encoded by 40 genes in humans, are the largest subset of 

potassium channels gated by changes in the membrane poten-

tial. Calcium-activated potassium channels (KCa) are activated 

by intracellular calcium. According to their conductance, KCa 

channels can be further divided into big conductance (BK), in-

termediate conductance (IK), and small conductance (SK) 

channels. Kv and KCa channels share a similar domain organi-

zation and are composed of four pore-lining  subunits, each 

with six transmembrane domains (TMs) and one pore-forming 

region, except for the BK channel, which has one additional 

transmembrane segment in the N terminus. The TM1–4 repre-

sents the voltage-sensing domains (VSDs) for Kv channels 

(Fig. 1). Inward rectifying potassium channels (Kir) possess 

two transmembrane segments �anking one pore loop in each of 

the four  subunits (Fig. 1), and they pass potassium ions more 

Figure 1. Potassium channels involved in 
oncogenic processes belong to all four classes. 
(Top) Calcium-activated potassium channels 
(KCa) and voltage-gated potassium (Kv) chan-
nels are composed of four pore-lining  sub-
units. Whereas SK and IK channels resemble 
Kv channels in having six transmembrane seg-
ments (TM1–TM6) and a reentrant pore loop 
between TM5 and TM6 per  subunit, BK 
channels have one additional transmembrane 
segment in the N terminus of the  subunit 
whereas its cytoplasmic C-terminal domain 
confers the channel’s calcium sensitivity. The 
first four transmembrane segments (TM1–TM4) 
of Kv channel  subunit form the voltage sen-
sor domain, whereas the remainder of the 
transmembrane domain corresponds to the 
pore domain conserved in all potassium chan-
nels (Isacoff et al., 2013). The inward recti-
fying potassium channel (Kir) possesses two 
transmembrane domains with a pore-forming 
region (P) in between. The K2P channel is the 
so-called “background” potassium channel 
that is made of four transmembrane domains 
and two pore-forming regions. All potassium 
channels require a tetrameric arrangement of 
the pore-forming regions of the  subunits to 
form the potassium-selective filter, therefore 
a complete conductive channel is a tetramer 
for the one-pore channels (Kv, KCa, and Kir) 
or dimer for the K2P channels. The resting cell 
membrane potential is hyperpolarized due to 
the imbalance of potassium and sodium ion 
distribution caused by the electrogenic func-
tion of Na+-K+-ATPase. (Bottom) Phylogenetic 
dendrogram shows that the various potassium 
channels involved in oncogenic processes be-
long to all four classes.
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capacity when ectopically expressed in heterologous systems. 

Aggressive tumor growth is induced by transfecting EAG1 into 

Chinese hamster ovary (CHO) cells (Pardo et al., 1999), or ret-

roviral induction of KCNK9 expression in normal mouse mam-

mary gland epithelial cells and mouse embryonic �broblast 

cells (Mu et al., 2003). However, these cell lines already possess 

unlimited proliferative potential in culture. So it is important to 

determine whether overexpression of a speci�c potassium chan-

nel in situ of an animal model is tumorigenic, which is a more 

stringent criterion for an oncogene. Considering the fact that 

pharmacological inhibition or genetic suppression of potassium 

channels reduces growth in multiple cancer types (Pardo and 

Stühmer, 2014; Urrego et al., 2014), it is possible that most po-

tassium channels take up a “permissive” role to mostly function 

as essential regulators for various cancer cell behaviors such 

as proliferation and migration, and that their up-regulation pro-

vides a repertoire for suf�cient channel activity when necessary. 

Strikingly, up-regulation of the plant orthologue of Shaker-like 

voltage-gated potassium channel AKT1 has been detected in 

Arabidopsis thaliana tumors induced by bacterial infection, and 

the plant tumor growth is reduced in AKT1 channel mutants 

(Deeken et al., 2003), highlighting the evolutionarily conserved 

mechanism for potassium channels to drive tumor growth. Of 

note, although the expression of many potassium channels is 

up-regulated upon neoplastic transformation compared with 

adjacent normal tissue, low expression of the voltage-gated po-

tassium channel KCNQ1 is signi�cantly associated with poor 

survival in patients with colorectal cancer (Than et al., 2013). 

Consistently, loss of Kcnq1 in a mouse model of intestinal tumor 

resulted in more aggressive cancer (Than et al., 2013), which 

suggests that KCNQ1 may function as a tumor suppressor. 

mix and match of channel subunits afford tremendous versatil-

ity of channel behaviors.

Dysregulated potassium channel expression 

in cancer

Numerous studies have reported dysregulated potassium chan-

nel expression in human cancer. These potassium channels 

implicated in oncological processes belong to all four main 

classes (Fig. 1). For example, overexpression of the voltage-

gated potassium channel Kv1.1 marks a subgroup of medul-

loblastoma (Taylor et al., 2012); elevated Kv1.3 expression is 

detected in a number of human malignancies including breast, 

colon, and prostate cancer (Comes et al., 2013); high Kv11.1 

(HERG) expression marks both solid and blood cancer (Pillozzi 

et al., 2002; Jehle et al., 2011); and Kv10.1 (EAG1) overexpres-

sion is found in >70% human cancer types of various organs  

(Hemmerlein et al., 2006). Overexpression of the G-protein– 

activated inwardly rectifying potassium channel GIRK1 (KCNJ3) 

is correlated with the presence and degree of breast cancer 

lymph node metastases (Stringer et al., 2001). Overexpression 

of a speci�c splice isoform of the BK channel correlates with the 

malignancy grade of glioma (Liu et al., 2002). The K2P channel 

KCNK9 is overexpressed in breast and lung cancer (Mu et al., 

2003). A detailed summary of potassium channel expression is 

shown in Table 1.

Does the dysregulated potassium channel expression 

(mostly overexpression) initiate tumorigenesis, confer advan-

tages to malignant growth or metastatic spread once the tumor 

forms, or is the aberrant expression simply a consequence of 

neoplastic transformation without functional signi�cance? Two 

potassium channels have been shown to possess tumorigenic 

Table 1. Potassium channel expression in cancer

Expression of various potassium channels that have been implicated in cancer. Red boxes indicate that overexpression is reported (in most cases) and that the channel enhances tumorigenic proc-
esses, for example by driving proliferation, cell migration, or metastasis (Bielanska et al., 2009; Williams et al., 2013; Pardo and Stühmer, 2014). Green boxes indicate that the channel expres-
sion is inversely correlated with tumor malignancy and clinical aggressiveness, such as KCNA5 in glioma (Preussat et al., 2003) and lymphoma (Bielanska et al., 2009), and KCNQ1 in color-
ectal cancer (Than et al., 2013). The blue box indicates the presence of recurring somatic mutations in the KCNJ5 gene detected in adrenal adenomas (Choi et al., 2011). GI, gastrointestinal.
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This notion is further supported by the �nding that misexpres-

sion of KCNE1, the regulatory accessory subunit that inhibits 

KCNQ1 activity, leads to hyperproliferative and invasive pheno-

types in Xenopus laevis embryonic stem cells (Morokuma  

et al., 2008). Recent work has demonstrated that oncogenic 

stress increases KCNA1 expression and promotes its reloca-

tion from the cytoplasm to the plasma membrane, which is re-

quired for oncogene-induced senescence. Ectopic expression of 

KCNA1 inhibits RAS-induced transformation, whereas a reduc-

tion of KCNA1 expression correlates with an increase in breast 

cancer aggressiveness (Lallet-Daher et al., 2013). These �nd-

ings suggest that KCNA1 may restrict tumor growth through 

a potassium channel–dependent senescence pathway, and the 

functional signi�cance of potassium channel during tumorigen-

esis could vary with the channel and/or cancer type.

Dysregulation of potassium channel expression has been 

identi�ed at genomic, transcriptional, posttranslational, and 

epigenetic levels. For example, KCNK9 is ampli�ed from 3- to 

10-fold in 10% of breast tumors (Mu et al., 2003), and genomic 

ampli�cation of EAG1 was found in 15% of head and neck car-

cinoma (Menéndez et al., 2012) and 3.4% of human colorectal 

adenocarcinoma (Ousingsawat et al., 2007). Estrogen treatment 

can up-regulate Kir channel transcription in human breast can-

cer cells to promote proliferation (Williams et al., 2008). An 

epigenome-wide study has shown that epigenetic silencing of 

HERG expression by hypermethylation is a good prognostic 

marker in ovarian clear cell carcinoma (Cicek et al., 2013), 

which is consistent with the notion that this channel promotes 

malignant tumor growth. Interestingly, recent cross-cancer 

analysis of DNA methylation patterns has revealed that voltage-

gated potassium channels are frequently hypermethylated. For 

example, KCNA3 hypermethylation is prominent in breast, 

lung, colorectal, kidney, ovarian, and prostate cancer (Brevet  

et al., 2009a,b; Kim et al., 2012). The correlation between 

KCNA3 hypermethylation to its expression and the clinical sig-

ni�cance of this epigenetic alternation remains to be deter-

mined. As described above, KCNK9 ampli�cation is detected in 

human carcinomas, and its ectopic expression confers tumori-

genicity to otherwise nonneoplastic cell types (Mu et al., 2003). 

However, its expression correlates with prolonged survival after 

ovarian carcinoma resection (Innamaa et al., 2013). In addition, 

although HERG channel blockers inhibit the growth of multiple 

cancer cell types, application of the HERG channel activator also 

impairs mammary gland adenocarcinoma growth by inducing a 

senescence program (Lansu and Gentile, 2013). It is therefore 

important to note that the biological signi�cance of potassium 

channel expression in cancer and whether its activation is tu-

morigenic or tumor suppressive is context dependent.

Potassium channel in proliferation  

and tumor growth

Historically, the involvement of potassium channels in cell 

proliferation was reported by the seminal work of DeCoursey 

et al. (1984), who demonstrated that voltage-gated potassium 

channels are the predominant channels in proliferative human  

T lymphocytes. Application of mitogenic factor promoted channel 

opening at a more negative membrane potential, and application  

of potassium channel blockers inhibited DNA synthesis (De-

Coursey et al., 1984). This discovery prompted investigations 

of potassium channel physiology during cell cycle progression. 

Indeed, early studies of unfertilized mouse oocytes have shown 

that a large-conductance potassium channel is active during the 

M and G1 phases and becomes inactivated during S and G2 

phases. This temporal modulation of channel activity is not de-

pendent on cell cycle–speci�c protein synthesis. Interestingly, 

the regulated potassium channel activity is correlated with a 

membrane potential oscillation, in which the cell is more depo-

larized at S and G2 (Day et al., 1993). Since then the cell cycle 

phase-dependent potassium channel expression, localization, 

and activity have been found in multiple cell types (Takahashi 

et al., 1993; Arcangeli et al., 1995; Brüggemann et al., 1997; 

Ouadid-Ahidouch et al., 2004; Huang et al., 2012), which sug-

gests that it may be a general phenomenon that accompanies 

proliferation. How does a potassium channel regulate cell cycle 

progression? Emerging evidence has led to the proposal of four 

main mechanisms: setting up membrane potential oscillation, 

controlling the cell volume dynamics, regulating calcium sig-

naling, and promoting malignant growth via noncanonical func-

tion independent of ion permeation (Fig. 2).

Compared with the more hyperpolarized resting membrane 

potential in differentiated cell types such as neurons or cardio-

myocytes (60 to 80 mV), rapidly proliferating embryonic 

cells, stem cells, or cancer cell are in general more depolarized, 

with a resting membrane potential at 20 to 40 mV (Yang and 

Brackenbury, 2013). Therefore, one classical hypothesis is that 

membrane depolarization itself plays a functional role in tumor 

initiation or progression (Fig. 2). In support of this hypothesis, 

sustained depolarization induces new DNA synthesis, promotes 

mitotic activity in terminally differentiated central nervous 

system neurons cultured in vitro (Cone and Cone, 1976), and 

prevents mesenchymal stem cell differentiation (Sundelacruz  

et al., 2008). Depolarized membrane potential also induces tumor-

like growth and invasion in Xenopus embryos (Morokuma et al., 

2008). As potassium conductance is the predominant regulator 

for setting up the resting membrane potential, the potassium 

channel composition in cancer cells should accommodate the 

necessity of maintaining a relatively depolarized state. Because 

the identities of potassium channels vary among different can-

cer types, the mechanism underlying the different potassium 

channels’ homeostatic control to achieve universal membrane 

depolarization remains to be elucidated. Although the mem-

brane potential of cancer cells tends to be more depolarized, 

cell cycle phase-speci�c changes in membrane potential have 

been reported. MCF-7 human mammary cells display a tran-

sient hyperpolarization at G1–S transition, which was sug-

gested to be a result of an increase in membrane permeability to 

potassium (Wonderlin et al., 1995; Fig. 2). Neuroblastoma cells 

exhibit hyperpolarization at G1–S transition and depolarization 

at G2–M transition, and the hyperpolarization phase correlates 

with increased potassium ef�ux (Boonstra et al., 1981; Fig. 2). 

Transition from quiescence to mitosis in mouse lymphocytes is 

accompanied by an initial phase of depolarization, followed by 

hyperpolarization during DNA replication (Kiefer et al., 1980; 

Fig. 2). Because mouse oocytes display membrane depolarization 
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in ChETA (engineered channelrhodopsin-2 variant)-expressing 

glioma cells signi�cantly reduced intracranial tumor growth and 

enhanced mouse survival (Yang et al., 2013). Induction of the 

expression and activity of a constitutively open mutant sodium 

channel also leads to rapid and robust cell killing in multiple 

tumor cell types (Lemaire and Halperin, 2009), with the mecha-

nisms potentially involving both membrane depolarization 

at S and G2 phase (Day et al., 1993), the dynamic changes of 

membrane potential during cell cycle progression likely are cell 

type dependent. It is important to consider that, although can-

cer cells are in general more depolarized, a signi�cant devia-

tion from the range of their physiological membrane potential 

should also be detrimental. Consistent with this notion, robust 

membrane depolarization mediated by optogenetic stimulation 

Figure 2. Proposed mechanisms for potassium channels to regulate cell proliferation. Potassium channels may regulate cell proliferation by four mecha-
nisms: setting up oscillating membrane potential, controlling cell volume dynamics, regulating calcium signaling, and promoting malignant growth via 
noncanonical function independent of ion permeation. (1) Membrane potential oscillation has been reported in multiple proliferative cell types. A transient 
hyperpolarization at G1–S transition is accompanied by increased potassium channel activity. Depolarization can induce mitotic activity in several types of 
terminally differentiated cells. A transient depolarization at G2–M transition has been observed. Whether the potassium channel is required and the physi-
ological significance of this depolarization at G2–M transition remain unclear. (2) Modified from Huang et al. (2012): Potassium channels can regulate cell 
proliferation via controlling cell volume dynamics throughout the cell cycle. This is exemplified by the voltage-gated potassium channel EAG2 that exhibits 
cell cycle phase–specific membrane localization. EAG2 localizes intracellularly during interphase but enriches at the plasma membrane during late G2 
and mitosis. This temporal EAG2 membrane association promotes potassium efflux for premitotic condensation that is essential for mitotic entry, as well 
as regulating mitotic morphology for successful cell cycle progression. Temporally and spatially regulated potassium channel functions therefore may be 
critical for passing the “cell volume checkpoint” for successful cell cycle progression. (3) Potassium efflux through potassium channel can lead to membrane 
hyperpolarization, which increases the driving force for calcium entry through a calcium-permeable channel at the plasma membrane. This calcium entry 
can trigger calcium release from the internal store. Increased intracellular calcium concentration ([Ca2+]i) can elicit calcium signaling to promote cell prolif-
eration. (4) The potassium channel can regulate cell proliferation through a noncanonical function independent of its potassium ion permeability (indicated 
by the channel with red asterisks). The potassium channel can interact with membrane protein (X) or intracellular protein (Y) to initiate signaling cascade. 
Alternatively spliced potassium channel lacking channel domains can enter the nucleus to modulate cell function (Sun et al., 2009). How potassium chan-
nels exert noncanonical function to regulate cell proliferation remains largely unknown.
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in vivo growth. Conversely, overexpressing EAG2 in heterolo-

gous systems (HEK293 and COS7 cells) results in constitutive 

membrane localization of EAG2 and sustained cell volume re-

duction, which also impairs cell cycle progression and leads to 

apoptosis (Huang et al., 2012). Taken together, these results 

demonstrate that EAG2 regulates cell volume dynamics impor-

tant for cell cycle progression. Cell volume regulation involves 

concurrent �ux of potassium and chloride ions to accompany 

water �ow. While the identify of anion-conducting channels in-

volved in medulloblastoma cell volume regulation remains to 

be determined, the CLC3 chloride channel has been shown to 

conduct outward chloride current to drive regulatory volume re-

duction in glioma cells, and inhibiting CLC3 channels reduces 

proliferation (Habela et al., 2008). Because cell volume oscilla-

tion appears to be a universal phenomenon during cell cycle 

progression, identifying and targeting speci�c ion channels reg-

ulating this process offers great therapeutic potential.

Potassium channels form macromolecules at the plasma 

membrane. Besides the membrane-spanning potassium ion per-

meation pathway, potassium channels could employ their cyto-

plasmic domains for protein–protein interaction. It is therefore 

conceivable that some functional roles the potassium channels 

play during oncological process are mediated by these intracel-

lular elements independent of their capacity to pass potassium 

ions (Fig. 2). Consistent with this notion, transfecting wild-type 

and nonconducting Drosophila melanogaster eag channels into 

NIH3T3 cells induced comparable levels of proliferation (Hegle 

et al., 2006). Furthermore, expressing a nonconducting mutant 

EAG1 (Downie et al., 2008) or Kv1.3 (Cidad et al., 2012) is 

suf�cient in promoting allografted tumor growth. However, the 

ability for KCNK9 (Pei et al., 2003) to regulate cancer cell be-

haviors depends on its canonical role in potassium conductance, 

which suggests that there are multiple underlying mechanisms 

for the potassium channel to promote malignant phenotypes. 

Fortunately, the conserved GYG/GFG signature motif in the 

pore domain provides a designated spot for mutational study in 

this regard.

Potassium channels in cell migration  

and metastasis

Metastasis causes >90% of human cancer deaths (Hanahan and 

Weinberg, 2011). The metastatic cascade is a multistep process 

that involves mobilization of primary tumor cells by migration, 

invasion into adjacent nontumoral regions, entry into the circu-

latory system, exit toward metastatic sites, and colonizing the 

secondary metastatic sites. As the �rst step, cell migration plays 

an integral role in metastasis and dictates the success of malig-

nant dissemination. Migratory cells are polarized with mobile 

lamellipodia at the leading edge and contracting cell body at 

the trailing edge. Cell motility critically depends on dynamic 

volume regulation. There are local cell volume changes during 

cell migration: increases at the leading edge with lamellipodia 

protrusion and decreases at cell rear as it retracts (Fig. 3). The 

best-characterized functions of potassium channels in facilitat-

ing cell migration concern its capacity to cause volume changes 

by in�uencing potassium �ow. An early study on transformed 

MDCK-F renal epithelial cell migration showed that speci�c  

and osmotic shock. Conversely, persistent hyperpolarization 

in glioma cells induced with Kir4.1 channel expression results 

in signi�cant growth arrest, a phenotype that can be inhibited 

by the application of the Kir blocker barium (Higashimori and 

Sontheimer, 2007).

Besides the direct impact of membrane potential changes 

on tumorigenesis, potassium channel activity can hyperpolarize 

the membrane to increase the driving force for calcium entry 

through calcium-permeating channels (Fig. 2). For example, 

PDGF up-regulates IK channel expression in vascular smooth 

muscle cells, and IK regulates PDGF-induced proliferation by 

promoting calcium entry and calcium-dependent signaling (Bi 

et al., 2013). Interestingly, chronic pharmacological activation 

of IK channels paradoxically inhibits PDGF-induced prolifera-

tion by suppressing the rise of intracellular calcium concentra-

tion and its own expression (Bi et al., 2013), highlighting the 

importance of temporal and spatial regulation of potassium 

channel activity and calcium entry for successful cell prolifera-

tion. Calcium is a major second messenger that can modulate a 

multitude of fundamental cellular functions such as prolifera-

tion, migration, survival, and apoptosis that have an impact on 

various aspects of tumor progression. Recent excellent reviews 

have discussed the functional involvement of calcium signaling 

in cancer biology (Monteith et al., 2007, 2012). Many potas-

sium channels demonstrate cell cycle–dependent expression 

level, traf�cking, or activity. Studying potassium channel func-

tion together with the advanced membrane potential monitoring 

and calcium imaging techniques throughout cell cycle progres-

sion in speci�c cell types should provide greater understanding 

of this complex and dynamic process.

Mammalian cells undergo marked cell volume and shape 

changes during cell cycle progression. Comprehensive studies 

of volume dynamics have shown that the cells increase volume 

at interphase, rapidly condense cytoplasmic volume before mi-

totic entry (premitotic cytoplasmic condensation; PMC), and 

reach a minimal volume at metaphase to achieve mitotic round-

ing, followed by volume increase and cytokinesis to generate 

two daughter cells (Habela and Sontheimer, 2007; Boucrot and 

Kirchhausen, 2008; Fig. 2). By governing potassium ion �ow 

and intracellular osmolarity that drive obligatory water �ow 

across cell membrane, potassium channels are central regula-

tors for cell volume. Using a genome-wide microarray study, 

we have found that Kv10.2 (EAG2) overexpression is a hall-

mark of a subset of medulloblastomas across different molecu-

lar and histological subgroups. The EAG2 channel displays 

dynamic distribution throughout the cell cycle and enriches at 

the plasma membrane at G2 and M phase. This selective mem-

brane association of EAG2 is accompanied by elevated outward 

potassium current (Fig. 2). Consistent with the hypothesis that 

the outward potassium �ow drives cell volume reduction for 

PMC and mitotic entry, genetic suppression of EAG2 expres-

sion results in signi�cantly increased cell volume at late G2 

phase and induces G2 arrest. For the few medulloblastoma cells 

with de�cient EAG2 function that escape the G2 arrest and 

enter mitosis, they fail to achieve proper mitotic morphology 

and encounter mitotic catastrophe. The medulloblastoma tu-

mors with de�cient EAG2 function display markedly impaired 
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(D’Alessandro et al., 2013). BK and SK channels can also 

promote breast cancer cell migration and are implicated in me-

tastasis (Khaitan et al., 2009; Chantôme et al., 2013). The SK 

channel can form a complex with the Orai1 calcium channel for 

localized calcium entry within lipid rafts, providing a mecha-

nism for its speci�c activation to enhance cancer cell migration 

(Chantôme et al., 2013). In addition, the BK channel can be 

functionally coupled with other ion channels, such as the CLC3 

chloride channel, within the lipid rafts of invadopodia in glioma 

cells in order to mediate both potassium and chloride ion ef-

�ux, and to facilitate invasion by regulatory volume decrease 

to enable cells to course through a con�ned space (McFerrin 

and Sontheimer, 2006). Interestingly, chronic application of 

a BK channel opener also results in defective glioma cell mi-

gration (Kraft et al., 2003), demonstrating the importance of 

temporal and spatial control of potassium channel activity for 

coordinated cell movement. Recent studies have shown that  

IK channels modulate subventricular zone–derived neuroblast 

application of the IK channel blocker charybdotoxin to the 

trailing edge, but not the leading edge, inhibits migration and 

increases overall cell volume (Schwab et al., 1999; Schneider et al., 

2000). However, IK calcium-activated potassium channels are 

enriched at the cell front (Schwab et al., 2006). One plausible 

scenario to account for these �ndings is that IK channels at the 

trailing edge may be preferentially activated, owing to a back-to-

front calcium gradient in migrating cells (Schwab et al., 2012). 

It remains an open question whether potassium channels may 

be enriched at the trailing edge for local cell volume regulation 

(Fig. 3). The dependence on KCa channel activity in promot-

ing cell migration has been repeatedly reported. For example, 

glioma cells exhibit a strong outward BK channel blocker– 

sensitive potassium current. Genetic suppression or pharmaco-

logical inhibition of BK channels impairs glioma cell migra-

tion (Weaver et al., 2006). Treating the mice bearing IK channel 

expressing glioblastoma with TRAM-34, a selective IK chan-

nel blocker, reduces tumor in�ltration into brain parenchyma  

Figure 3. Polarized ion and water flows drive local volume change and cell migration. Cell migration is characterized by the polarized cellular and 
molecular processes that promote the protrusion of leading edge (local volume increase) and retraction of the trailing edge (local volume reduction).  
A net inflow of ions and water at the cell leading edge and a net outflow of ions and water at the cell trailing edge underlie these localized hydrodynamic 
changes. A number of ion channels and transporters display polarized subcellular distribution during cell migration. At the trailing edge, calcium entry 
through calcium-permeable channels can activate calcium-activated potassium channels to promote potassium efflux. The opening of chloride channels 
maintains electroneutrality and further enhances the outflow of ions, which is followed by obligatory water efflux through aquaporin. At the leading edge, 
an assortment of inward ion channels such as voltage-gated sodium channels (Nav) or epithelial sodium channels (ENaC), or ion transporters such as 
sodium-proton exchangers (NHE1) or sodium-potassium-chloride cotransporters (NKCC1) together with aquaporins, regulate ion and water influx. This ion 
and water influx drives local cell volume increase in the protruding lamellipodium for leading edge extension. The proton extrusion and acidification of 
extracellular microenvironment by NHE1 can further facilitate degradation of matrix proteins and tumor cell invasion (Brisson et al., 2011). Kir4.2 localizes 
at the cell leading edge and enhances cell migration (deHart et al., 2008). Whether Kir4.2 conducts an inward potassium flow, which will depend on the 
local electrochemical gradient for potassium at the leading edge, remains unclear. For comprehensive reviews on functional roles of the ion transportome 
during cell migration, see Cuddapah and Sontheimer (2011), Schwab et al. (2012), and Schwab and Stock (2014).
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cell growth in vitro and in vivo (Downie et al., 2008). Pharma-

cological inhibition of HERG channels reduces proliferation 

and impairs invasiveness in a variety of cancer cell types (Babcock 

and Li, 2013). Importantly, targeting the HERG channel with its 

speci�c blocker E-4031 impairs the function of the multiprotein 

complex consisting of HERG, 1 integrin, and the chemokine 

receptor CXCR4, which is essential for leukemic cell survival. 

E-4031 treatment inhibits leukemia progression in vivo and en-

hances mouse survival (Pillozzi et al., 2011). Because the 

HERG channel mediates the repolarization phase of cardiac ac-

tion potential and EAG channels share high structural similar-

ity, one should be cautious about using these compounds for 

direct transition into treating human cancer patients, as HERG 

channel blockade can induce potentially fatal cardiac arrhyth-

mia (long QT syndrome). This side effect has made the HERG 

channel an antitarget during modern drug development. Never-

theless, it should be noted that a number of marketed drugs 

treating various human conditions are known HERG inhibitors 

with well-characterized and acceptable toxicity pro�les (Babcock 

et al., 2013). With careful treatment design and close monitor-

ing of the potential adverse effects, these HERG-blocking drugs 

may be repurposed for cancer treatment. Generating monoclo-

nal antibodies has proven to be an effective strategy to perturb 

the function of cell surface proteins. As a proof of principle, it 

has been demonstrated that a highly speci�c extracellular epit-

ope-targeting EAG1 monoclonal antibody exhibited antitumor 

activity in mouse (Gómez-Varela et al., 2007). Given the fact that 

EAG1 is highly expressed in 70% of human cancers but mini-

mally present in non-CNS normal tissues, dye-tagged EAG1 

antibody also possesses the potential for selective visualization 

of tumor cells for diagnostic purposes (Pardo et al., 2005). EAG1-

speci�c antibodies can be further coupled with cytotoxic agents 

for selective killing of EAG1-expressing cancer cells (Hartung 

et al., 2011).

Rational design of therapeutic targeting of potassium chan-

nels for cancer treatment will be based on our better understand-

ing of their functions from mechanistic study. For example, 

cancer cells preferentially express an N-terminal truncated form 

of the HERG channel (Crociani et al., 2003), providing an op-

portunity for generating an isoform-speci�c antagonist. A recent 

study identi�ed a lipid raft–localized SK3 potassium–Orai1 cal-

cium channel complex that is essential to control breast can-

cer migration. Strikingly, the disruption of lipid rafts by the 

alkyl-lipid Ohmline leads to signi�cantly reduced bone metas-

tasis (Chantôme et al., 2013), highlighting the effectiveness of 

indirectly targeting potassium channel protein complexes that 

in�uence key processes of cancer progression. HERG chan-

nel protein maturation, stability, and current density can be 

enhanced by the stress-activated chaperone Sigma 1 receptor, 

which physically associates with HERG and represents a novel 

pharmacological target in a membrane signaling channel mac-

rocomplex that is involved in cancer progression (Crottès et al., 

2011). Potassium channel antagonism can also be exploited as 

a potential adjuvant therapy. HERG channel blockade reduces 

bone marrow mesenchymal stem cell–induced chemotherapeu-

tic resistance in leukemic cells (Pillozzi et al., 2011). Ionizing 

radiation increases the open probability of BK channels without 

migration along the rostral migratory stream to the olfactory 

bulb (Turner and Sontheimer, 2013), highlighting the function 

of potassium channels in regulating cell migration in both ma-

lignant and nonmalignant cell types. In addition to potassium 

channels, a variety of ion channels and transporters have been 

implicated in regulating local cell volume changes during cell 

migration (Fig. 3). Indeed, it has been recently shown that a net 

in�ow of ions and water at the cell leading edge and out�ow 

of ions and water at the cell trailing edge represents a major 

force for cell motility even in the absence of actin polymeriza-

tion (Stroka et al., 2014).

Potassium channels can also regulate cancer cell migra-

tion via noncanonical functions. The best-illustrated example is 

the HERG channel, which can form a macromolecular complex 

with VEGFR-1 and 1 integrin. The assembly of this protein 

complex confers a pro-migratory phenotype in leukemia, an ef-

fect that can be inhibited by application of a HERG channel 

blocker. Furthermore, HERG expression in leukemia patients 

is associated with higher probability of relapse and shorter sur-

vival (Pillozzi et al., 2007). It has been shown that colocaliza-

tion of 91 integrin with the Kir4.2 channel in focal adhesions 

at the leading edge of migrating cells may promote local Kir4.2 

channel activity to induce the formation of a single dominant la-

mellipodial extension critical for persistent migration, although 

the underlying mechanism of how Kir4.2 modulates lamellipo-

dium formation remains unclear (deHart et al., 2008; Fig. 3). 

These �ndings highlight the potassium channel as an integral 

membrane protein that is functionally coupled with other sig-

naling molecules to exert concerted regulation on cell migra-

tion. Given the reported interactions between other potassium 

channels, focal adhesion molecules, and cytoskeleton proteins 

(Levite et al., 2000; Petrecca et al., 2000; Rezzonico et al., 

2003), it is expected that future investigation will shed light on 

the novel noncanonical roles of potassium channels within the 

multiprotein complex during tumorigenic processes.

Therapeutic targeting of potassium 

channels in cancer

Being the most diverse class of ion channels that regulate a 

plethora of cellular behaviors in both excitable and nonexcit-

able cells, targeting the cell surface–accessible potassium chan-

nels offers tremendous therapeutic potential for the treatment of 

human diseases that involve aberrant expression and function of 

speci�c potassium channels. For example, drugs targeting KATP, 

KCNQ, and HERG channels have been successfully used in 

clinics for treating diabetes or hypertension, epilepsy, and car-

diac arrhythmia, respectively. Despite the increasing evidence 

of ion channel functions in oncology, therapeutic development 

of cancer treatment using ion channel–targeting compounds is 

still at an early stage.

The most comprehensive cancer therapeutic ef�cacy study 

on potassium channels has focused on the EAG channel family, 

including EAG1, EAG2, and HERG. EAG1 overexpression 

confers tumorigenic potential, and its expression is correlated 

with poor patient survival in multiple cancer types (Pardo and 

Stühmer, 2008). Small molecule EAG1 blockers such as astem-

izole have shown ef�cacy in reducing EAG1-expressing cancer 
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channel blocker, the future holds great promise for targeting 

potassium channels in cancer.

We thank Huanghe Yang and Yuanquan Song for constructive suggestions on 
the manuscript.

This work is supported by the GEMS-CTSI postdoctoral award from the 
Howard Hughes Medical Institute and the University of California, San Francisco, 
and the Damon Runyon Cancer Research Foundation Fellowship to Xi Huang 
(Kandis Ann Ulrich-Carleton Fellow), and National Institute of Health grants 
R37MH065334 to Lily Yeh Jan and R37NS040929 to Yuh Nung Jan. Lily 
Yeh Jan is a Howard Hughes Medical Institute investigator.

The authors declare no competing financial interests.

Submitted: 24 April 2014
Accepted: 27 June 2014

References

Arcangeli, A., L. Bianchi, A. Becchetti, L. Faravelli, M. Coronnello, E. Mini, 
M. Olivotto, and E. Wanke. 1995. A novel inward-rectifying K+ current 
with a cell-cycle dependence governs the resting potential of mammalian 
neuroblastoma cells. J. Physiol. 489:455–471.

Babcock, J.J., and M. Li. 2013. hERG channel function: beyond long QT. Acta 
Pharmacol. Sin. 34:329–335. http://dx.doi.org/10.1038/aps.2013.6

Babcock, J.J., F. Du, K. Xu, S.J. Wheelan, and M. Li. 2013. Integrated analysis 
of drug-induced gene expression pro�les predicts novel hERG inhibitors. 
PLoS ONE. 8:e69513. http://dx.doi.org/10.1371/journal.pone.0069513

Bhalla, T., J.J. Rosenthal, M. Holmgren, and R. Reenan. 2004. Control of human 
potassium channel inactivation by editing of a small mRNA hairpin. Nat. 
Struct. Mol. Biol. 11:950–956. http://dx.doi.org/10.1038/nsmb825

Bi, D., K. Toyama, V. Lemaître, J. Takai, F. Fan, D.P. Jenkins, H. Wulff, D.D. 
Gutterman, F. Park, and H. Miura. 2013. The intermediate conductance cal-
cium-activated potassium channel KCa3.1 regulates vascular smooth mus-
cle cell proliferation via controlling calcium-dependent signaling. J. Biol. 
Chem. 288:15843–15853. http://dx.doi.org/10.1074/jbc.M112.427187

Bielanska, J., J. Hernández-Losa, M. Pérez-Verdaguer, T. Moline, R. Somoza, 
S. Ramón Y Cajal, E. Condom, J.C. Ferreres, and A. Felipe. 2009. 
Voltage-dependent potassium channels Kv1.3 and Kv1.5 in human can-
cer. Curr. Cancer Drug Targets. 9:904–914. http://dx.doi.org/10.2174/ 
156800909790192400

Boonstra, J., C.L. Mummery, L.G. Tertoolen, P.T. Van Der Saag, and S.W. De 
Laat. 1981. Cation transport and growth regulation in neuroblastoma 
cells. Modulations of K+ transport and electrical membrane proper-
ties during the cell cycle. J. Cell. Physiol. 107:75–83. http://dx.doi.org/ 
10.1002/jcp.1041070110

Boucrot, E., and T. Kirchhausen. 2008. Mammalian cells change volume dur-
ing mitosis. PLoS ONE. 3:e1477. http://dx.doi.org/10.1371/journal.pone 
.0001477

Brevet, M., D. Fucks, D. Chatelain, J.M. Regimbeau, R. Delcenserie, H. 
Sevestre, and H. Ouadid-Ahidouch. 2009a. Deregulation of 2 potas-
sium channels in pancreas adenocarcinomas: implication of KV1.3 
gene promoter methylation. Pancreas. 38:649–654. http://dx.doi.org/10 
.1097/MPA.0b013e3181a56ebf

Brevet, M., N. Haren, H. Sevestre, P. Merviel, and H. Ouadid-Ahidouch. 2009b. 
DNA methylation of K(v)1.3 potassium channel gene promoter is asso-
ciated with poorly differentiated breast adenocarcinoma. Cell. Physiol. 
Biochem. 24:25–32. http://dx.doi.org/10.1159/000227810

Brisson, L., L. Gillet, S. Calaghan, P. Besson, J.Y. Le Guennec, S. Roger, and 
J. Gore. 2011. Na(V)1.5 enhances breast cancer cell invasiveness by in-
creasing NHE1-dependent H(+) ef�ux in caveolae. Oncogene. 30:2070–
2076. http://dx.doi.org/10.1038/onc.2010.574

Brüggemann, A., W. Stühmer, and L.A. Pardo. 1997. Mitosis-promoting fac-
tor-mediated suppression of a cloned delayed recti�er potassium channel 
expressed in Xenopus oocytes. Proc. Natl. Acad. Sci. USA. 94:537–542. 
http://dx.doi.org/10.1073/pnas.94.2.537

Chantôme, A., M. Potier-Cartereau, L. Clarysse, G. Fromont, S. Marionneau-
Lambot, M. Guéguinou, J.C. Pagès, C. Collin, T. Oullier, A. Girault, et al. 
2013. Pivotal role of the lipid Raft SK3-Orai1 complex in human cancer 
cell migration and bone metastases. Cancer Res. 73:4852–4861. http://
dx.doi.org/10.1158/0008-5472.CAN-12-4572

Choi, M., U.I. Scholl, P. Yue, P. Björklund, B. Zhao, C. Nelson-Williams, W. Ji, 
Y. Cho, A. Patel, C.J. Men, et al. 2011. K+ channel mutations in adrenal 
aldosterone-producing adenomas and hereditary hypertension. Science. 
331:768–772. http://dx.doi.org/10.1126/science.1198785

Cicek, M.S., D.C. Koestler, B.L. Fridley, K.R. Kalli, S.M. Armasu, M.C. 
Larson, C. Wang, S.J. Winham, R.A. Vierkant, D.N. Rider, et al. 2013. 

affecting their expression levels and contributes to the enhanced 

migration and invasiveness of glioma cells (Steinle et al., 2011). 

Radiation treatment can also increase Kv3.4 channel activity in 

leukemic cells to promote calcium entry and CaMKII-dependent 

cancer cell survival (Palme et al., 2013). Low-dosage radia-

tion induces voltage-dependent potassium channel activity that 

is otherwise not present in human lung adenocarcinoma cells 

(Kuo et al., 1993). These �ndings suggest that radiation-induced 

potassium channel activation may be a general response in dif-

ferent cancer types, and potassium channel inhibition may be a 

novel and promising component in combinatorial therapy for 

treating cancer patients.

Targeting potassium channels:  

Unanswered questions

A growing body of evidence suggests that potassium channel 

dysregulation is associated with key aspects of cancer, and 

targeting potassium channel is a viable therapeutic approach. 

Different cancers may use speci�c channel types for their ma-

lignant behaviors, depending on the cellular origin of the tumor 

and the driving oncogenic signal. Since the identi�cation of po-

tassium channel involvement in T cell proliferation 30 years ago 

(DeCoursey et al., 1984), much progress has been made, yet 

research into potassium channel function in cancer still repre-

sents a nascent �eld. Signi�cant advancement may come from 

future research into several important areas. First, there are 

many open questions regarding the possibility of heterogeneity 

in potassium channel expression or function in the cancer cell 

over space and time. For example, do cancer stem cells exploit 

different potassium channels for maintaining their unique prop-

erties such as enhanced tumorigenic potential and survival after 

irradiation and chemotherapy? Does a microenvironment such 

as hypoxia or cancer treatment induce differential potassium 

channel activity that confers drug resistance? Second, although 

the potassium channel expression level has been compared be-

tween tumor and nontumor tissues, the mutational landscape 

of potassium channels in various cancer types remains largely 

unexplored. The identi�cation and quanti�cation of recurrent 

mutations may offer another avenue to identify novel potassium 

channels involved in the oncogenic process, and stimulate the 

investigation of their functions. Third, the majority of studies 

reported thus far are based on in vitro cell culture systems and 

xenograft models. Future studies involving mutating potassium 

channels in the spontaneous cancer models established in vari-

ous model organisms, such as fruit �y, zebra�sh, and mouse, 

should reveal novel insights into potassium channel function 

during tumor initiation, progression, and evolution. Fourth, 

studying the therapeutic value of potassium channel–modulating 

drugs using genetic models of cancer should foster the rapid 

translation from preclinical discoveries to clinical trials. Fifth, 

advanced high-throughput screening technology should be ex-

ploited for identifying novel compounds that modulate potas-

sium channels implicated in cancer, while signi�cant efforts can 

also be made toward elucidating the therapeutic value of repur-

posing potassium channel–modulating drugs on the market 

for treating other human diseases. Although no current FDA-

approved cancer drug is intended to function as a potassium 

http://dx.doi.org/10.1038/aps.2013.6
http://dx.doi.org/10.1371/journal.pone.0069513
http://dx.doi.org/10.1038/nsmb825
http://dx.doi.org/10.1074/jbc.M112.427187
http://dx.doi.org/10.2174/156800909790192400
http://dx.doi.org/10.2174/156800909790192400
http://dx.doi.org/10.1002/jcp.1041070110
http://dx.doi.org/10.1002/jcp.1041070110
http://dx.doi.org/10.1371/journal.pone.0001477
http://dx.doi.org/10.1371/journal.pone.0001477
http://dx.doi.org/10.1097/MPA.0b013e3181a56ebf
http://dx.doi.org/10.1097/MPA.0b013e3181a56ebf
http://dx.doi.org/10.1159/000227810
http://dx.doi.org/10.1038/onc.2010.574
http://dx.doi.org/10.1073/pnas.94.2.537
http://dx.doi.org/10.1158/0008-5472.CAN-12-4572
http://dx.doi.org/10.1158/0008-5472.CAN-12-4572
http://dx.doi.org/10.1126/science.1198785


JCB • VOLUME 206 • NUMBER 2 • 2014 160

Hanahan, D., and R.A. Weinberg. 2011. Hallmarks of cancer: the next genera-
tion. Cell. 144:646–674. http://dx.doi.org/10.1016/j.cell.2011.02.013

Hartung, F., W. Stühmer, and L.A. Pardo. 2011. Tumor cell-selective apoptosis 
induction through targeting of K(V)10.1 via bifunctional TRAIL anti-
body. Mol. Cancer. 10:109. http://dx.doi.org/10.1186/1476-4598-10-109

Hegle, A.P., D.D. Marble, and G.F. Wilson. 2006. A voltage-driven switch for ion-
independent signaling by ether-à-go-go K+ channels. Proc. Natl. Acad. 
Sci. USA. 103:2886–2891. http://dx.doi.org/10.1073/pnas.0505909103

Hemmerlein, B., R.M. Weseloh, F. Mello de Queiroz, H. Knötgen, A. Sánchez, 
M.E. Rubio, S. Martin, T. Schliephacke, M. Jenke, Heinz-Joachim-
Radzun, et al. 2006. Overexpression of Eag1 potassium channels in clinical 
tumours. Mol. Cancer. 5:41. http://dx.doi.org/10.1186/1476-4598-5-41

Higashimori, H., and H. Sontheimer. 2007. Role of Kir4.1 channels in growth con-
trol of glia. Glia. 55:1668–1679. http://dx.doi.org/10.1002/glia.20574

Huang, X., A.M. Dubuc, R. Hashizume, J. Berg, Y. He, J. Wang, C. Chiang, M.K. 
Cooper, P.A. Northcott, M.D. Taylor, et al. 2012. Voltage-gated potassium 
channel EAG2 controls mitotic entry and tumor growth in medulloblas-
toma via regulating cell volume dynamics. Genes Dev. 26:1780–1796. 
http://dx.doi.org/10.1101/gad.193789.112

Innamaa, A., L. Jackson, V. Asher, G. Van Shalkwyk, A. Warren, D. Hay, A. Bali, 
H. Sowter, and R. Khan. 2013. Expression and prognostic signi�cance 
of the oncogenic K2P potassium channel KCNK9 (TASK-3) in ovarian 
carcinoma. Anticancer Res. 33:1401–1408.

Isacoff, E.Y., L.Y. Jan, and D.L. Minor Jr. 2013. Conduits of life’s spark: a 
perspective on ion channel research since the birth of neuron. Neuron. 
80:658–674. http://dx.doi.org/10.1016/j.neuron.2013.10.040

Jehle, J., P.A. Schweizer, H.A. Katus, and D. Thomas. 2011. Novel roles for 
hERG K(+) channels in cell proliferation and apoptosis. Cell Death Dis. 
2:e193. http://dx.doi.org/10.1038/cddis.2011.77

Khaitan, D., U.T. Sankpal, B. Weksler, E.A. Meister, I.A. Romero, P.O. Couraud, 
and N.S. Ningaraj. 2009. Role of KCNMA1 gene in breast cancer inva-
sion and metastasis to brain. BMC Cancer. 9:258. http://dx.doi.org/10 
.1186/1471-2407-9-258

Khanna, R., M.P. Myers, M. Lainé, and D.M. Papazian. 2001. Glycosylation in-
creases potassium channel stability and surface expression in mammalian  
cells. J. Biol. Chem. 276:34028–34034. http://dx.doi.org/10.1074/jbc 
.M105248200

Kiefer, H., A.J. Blume, and H.R. Kaback. 1980. Membrane potential changes  
during mitogenic stimulation of mouse spleen lymphocytes. Proc. Natl.  
Acad. Sci. USA. 77:2200–2204. http://dx.doi.org/10.1073/pnas.77.4.2200

Kim, J.H., A. Karnovsky, V. Mahavisno, T. Weymouth, M. Pande, D.C. Dolinoy, 
L.S. Rozek, and M.A. Sartor. 2012. LRpath analysis reveals common 
pathways dysregulated via DNA methylation across cancer types. BMC 
Genomics. 13:526. http://dx.doi.org/10.1186/1471-2164-13-526

Kraft, R., P. Krause, S. Jung, D. Basrai, L. Liebmann, J. Bolz, and S. Patt. 2003. 
BK channel openers inhibit migration of human glioma cells. P�ugers 
Arch. 446:248–255.

Kuo, S.S., A.H. Saad, A.C. Koong, G.M. Hahn, and A.J. Giaccia. 1993. Potassium-
channel activation in response to low doses of gamma-irradiation involves 
reactive oxygen intermediates in nonexcitatory cells. Proc. Natl. Acad. 
Sci. USA. 90:908–912. http://dx.doi.org/10.1073/pnas.90.3.908

Lallet-Daher, H., C. Wiel, D. Gitenay, N. Navaratnam, A. Augert, B. Le Calvé, 
S. Verbeke, D. Carling, S. Aubert, D. Vindrieux, and D. Bernard. 
2013. Potassium channel KCNA1 modulates oncogene-induced se-
nescence and transformation. Cancer Res. 73:5253–5265. http://dx.doi 
.org/10.1158/0008-5472.CAN-12-3690

Lansu, K., and S. Gentile. 2013. Potassium channel activation inhibits prolifera-
tion of breast cancer cells by activating a senescence program. Cell Death 
Dis. 4:e652. http://dx.doi.org/10.1038/cddis.2013.174

Lemaire, M., and M.L. Halperin. 2009. Rapid tumor cell swelling and burst-
ing: beware of collateral damage. Mol. Ther. 17:1310–1311. http://dx.doi 
.org/10.1038/mt.2009.161

Levite, M., L. Cahalon, A. Peretz, R. Hershkoviz, A. Sobko, A. Ariel, R. Desai, 
B. Attali, and O. Lider. 2000. Extracellular K(+) and opening of volt-
age-gated potassium channels activate T cell integrin function: physical 
and functional association between Kv1.3 channels and beta1 integrins.  
J. Exp. Med. 191:1167–1176. http://dx.doi.org/10.1084/jem.191.7.1167

Liu, X., Y. Chang, P.H. Reinhart, H. Sontheimer, and Y. Chang. 2002. Cloning 
and characterization of glioma BK, a novel BK channel isoform highly 
expressed in human glioma cells. J. Neurosci. 22:1840–1849.

McFerrin, M.B., and H. Sontheimer. 2006. A role for ion channels in glioma 
cell invasion. Neuron Glia Biol. 2:39–49. http://dx.doi.org/10.1017/ 
S1740925X06000044

Menéndez, S.T., M.A. Villaronga, J.P. Rodrigo, S. Alvarez-Teijeiro, D. García-
Carracedo, R.G. Urdinguio, M.F. Fraga, L.A. Pardo, C.G. Viloria, C. 
Suárez, and J.M. García-Pedrero. 2012. Frequent aberrant expression of the 
human ether à go-go (hEAG1) potassium channel in head and neck cancer:  

Epigenome-wide ovarian cancer analysis identi�es a methylation pro-
�le differentiating clear-cell histology with epigenetic silencing of the 
HERG K+ channel. Hum. Mol. Genet. 22:3038–3047. http://dx.doi.org/ 
10.1093/hmg/ddt160

Cidad, P., L. Jiménez-Pérez, D. García-Arribas, E. Miguel-Velado, S. Tajada, C. 
Ruiz-McDavitt, J.R. López-López, and M.T. Pérez-García. 2012. Kv1.3 
channels can modulate cell proliferation during phenotypic switch by 
an ion-�ux independent mechanism. Arterioscler. Thromb. Vasc. Biol. 
32:1299–1307. http://dx.doi.org/10.1161/ATVBAHA.111.242727

Comes, N., J. Bielanska, A. Vallejo-Gracia, A. Serrano-Albarrás, L. Marruecos, D. 
Gómez, C. Soler, E. Condom, S. Ramón Y Cajal, J. Hernández-Losa, et al. 
2013. The voltage-dependent K(+) channels Kv1.3 and Kv1.5 in human can-
cer. Front. Physiol. 4:283. http://dx.doi.org/10.3389/fphys.2013.00283

Cone, C.D. Jr., and C.M. Cone. 1976. Induction of mitosis in mature neurons in 
central nervous system by sustained depolarization. Science. 192:155–
158. http://dx.doi.org/10.1126/science.56781

Crociani, O., L. Guasti, M. Balzi, A. Becchetti, E. Wanke, M. Olivotto, R.S. 
Wymore, and A. Arcangeli. 2003. Cell cycle-dependent expression of 
HERG1 and HERG1B isoforms in tumor cells. J. Biol. Chem. 278:2947–
2955. http://dx.doi.org/10.1074/jbc.M210789200

Crottès, D., S. Martial, R. Rapetti-Mauss, D.F. Pisani, C. Loriol, B. Pellissier, 
P. Martin, E. Chevet, F. Borgese, and O. Soriani. 2011. Sig1R protein 
regulates hERG channel expression through a post-translational mecha-
nism in leukemic cells. J. Biol. Chem. 286:27947–27958. http://dx.doi 
.org/10.1074/jbc.M111.226738

Cuddapah, V.A., and H. Sontheimer. 2011. Ion channels and transporters in cancer. 
2. Ion channels and the control of cancer cell migration. Am. J. Physiol. Cell 
Physiol. 301:C541–C549. (published erratum appears in Am. J. Physiol. Cell 
Physiol. 2011 301:C1479) http://dx.doi.org/10.1152/ajpcell.00102.2011

D’Alessandro, G., M. Catalano, M. Sciaccaluga, G. Chece, R. Cipriani, M. 
Rosito, A. Grimaldi, C. Lauro, G. Cantore, A. Santoro, et al. 2013. KCa3.1 
channels are involved in the in�ltrative behavior of glioblastoma in vivo. 
Cell Death Dis. 4:e773. http://dx.doi.org/10.1038/cddis.2013.279

Day, M.L., S.J. Pickering, M.H. Johnson, and D.I. Cook. 1993. Cell-cycle con-
trol of a large-conductance K+ channel in mouse early embryos. Nature. 
365:560–562. http://dx.doi.org/10.1038/365560a0

DeCoursey, T.E., K.G. Chandy, S. Gupta, and M.D. Cahalan. 1984. Voltage-gated 
K+ channels in human T lymphocytes: a role in mitogenesis? Nature. 
307:465–468. http://dx.doi.org/10.1038/307465a0

Deeken, R., N. Ivashikina, T. Czirjak, K. Philippar, D. Becker, P. Ache, and R. 
Hedrich. 2003. Tumour development in Arabidopsis thaliana involves the 
Shaker-like K+ channels AKT1 and AKT2/3. Plant J. 34:778–787. http://
dx.doi.org/10.1046/j.1365-313X.2003.01766.x

deHart, G.W., T. Jin, D.E. McCloskey, A.E. Pegg, and D. Sheppard. 2008. The 
91 integrin enhances cell migration by polyamine-mediated modula-
tion of an inward-recti�er potassium channel. Proc. Natl. Acad. Sci. USA. 
105:7188–7193. http://dx.doi.org/10.1073/pnas.0708044105

Djamgoz, M.B.A., and R. Onkal. 2013. Persistent current blockers of voltage-
gated sodium channels: A clinical opportunity for controlling metastatic 
disease. Recent Patents Anticancer. Drug Discov. 8:66–84. http://dx.doi.
org/10.2174/1574892811308010066

Downie, B.R., A. Sánchez, H. Knötgen, C. Contreras-Jurado, M. Gymnopoulos, 
C. Weber, W. Stühmer, and L.A. Pardo. 2008. Eag1 expression interferes 
with hypoxia homeostasis and induces angiogenesis in tumors. J. Biol. 
Chem. 283:36234–36240. http://dx.doi.org/10.1074/jbc.M801830200

Fraser, S.P., I. Ozerlat-Gunduz, W.J. Brackenbury, E.M. Fitzgerald, T.M. 
Campbell, R.C. Coombes, and M.B. Djamgoz. 2014. Regulation of 
voltage-gated sodium channel expression in cancer: hormones, growth 
factors and auto-regulation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 
369:20130105. http://dx.doi.org/10.1098/rstb.2013.0105

Garrett, S., and J.J. Rosenthal. 2012. RNA editing underlies temperature adapta-
tion in K+ channels from polar octopuses. Science. 335:848–851. http://
dx.doi.org/10.1126/science.1212795

Gómez-Varela, D., E. Zwick-Wallasch, H. Knötgen, A. Sánchez, T. Hettmann, 
D. Ossipov, R. Weseloh, C. Contreras-Jurado, M. Rothe, W. Stühmer, and 
L.A. Pardo. 2007. Monoclonal antibody blockade of the human Eag1 po-
tassium channel function exerts antitumor activity. Cancer Res. 67:7343–
7349. http://dx.doi.org/10.1158/0008-5472.CAN-07-0107

Gong, Q., C.L. Anderson, C.T. January, and Z. Zhou. 2002. Role of glycosylation 
in cell surface expression and stability of HERG potassium channels.  
Am. J. Physiol. Heart Circ. Physiol. 283:H77–H84.

Habela, C.W., and H. Sontheimer. 2007. Cytoplasmic volume condensation is 
an integral part of mitosis. Cell Cycle. 6:1613–1620. http://dx.doi.org/ 
10.4161/cc.6.13.4357

Habela, C.W., M.L. Olsen, and H. Sontheimer. 2008. ClC3 is a critical regu-
lator of the cell cycle in normal and malignant glial cells. J. Neurosci. 
28:9205–9217. http://dx.doi.org/10.1523/JNEUROSCI.1897-08.2008

http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1186/1476-4598-10-109
http://dx.doi.org/10.1073/pnas.0505909103
http://dx.doi.org/10.1186/1476-4598-5-41
http://dx.doi.org/10.1002/glia.20574
http://dx.doi.org/10.1101/gad.193789.112
http://dx.doi.org/10.1016/j.neuron.2013.10.040
http://dx.doi.org/10.1038/cddis.2011.77
http://dx.doi.org/10.1186/1471-2407-9-258
http://dx.doi.org/10.1186/1471-2407-9-258
http://dx.doi.org/10.1074/jbc.M105248200
http://dx.doi.org/10.1074/jbc.M105248200
http://dx.doi.org/10.1073/pnas.77.4.2200
http://dx.doi.org/10.1186/1471-2164-13-526
http://dx.doi.org/10.1073/pnas.90.3.908
http://dx.doi.org/10.1158/0008-5472.CAN-12-3690
http://dx.doi.org/10.1158/0008-5472.CAN-12-3690
http://dx.doi.org/10.1038/cddis.2013.174
http://dx.doi.org/10.1038/mt.2009.161
http://dx.doi.org/10.1038/mt.2009.161
http://dx.doi.org/10.1084/jem.191.7.1167
http://dx.doi.org/10.1017/S1740925X06000044
http://dx.doi.org/10.1017/S1740925X06000044
http://dx.doi.org/10.1093/hmg/ddt160
http://dx.doi.org/10.1093/hmg/ddt160
http://dx.doi.org/10.1161/ATVBAHA.111.242727
http://dx.doi.org/10.3389/fphys.2013.00283
http://dx.doi.org/10.1126/science.56781
http://dx.doi.org/10.1074/jbc.M210789200
http://dx.doi.org/10.1074/jbc.M111.226738
http://dx.doi.org/10.1074/jbc.M111.226738
http://dx.doi.org/10.1152/ajpcell.00102.2011
http://dx.doi.org/10.1038/cddis.2013.279
http://dx.doi.org/10.1038/365560a0
http://dx.doi.org/10.1038/307465a0
http://dx.doi.org/10.1046/j.1365-313X.2003.01766.x
http://dx.doi.org/10.1046/j.1365-313X.2003.01766.x
http://dx.doi.org/10.1073/pnas.0708044105
http://dx.doi.org/10.2174/1574892811308010066
http://dx.doi.org/10.2174/1574892811308010066
http://dx.doi.org/10.1074/jbc.M801830200
http://dx.doi.org/10.1098/rstb.2013.0105
http://dx.doi.org/10.1126/science.1212795
http://dx.doi.org/10.1126/science.1212795
http://dx.doi.org/10.1158/0008-5472.CAN-07-0107
http://dx.doi.org/10.4161/cc.6.13.4357
http://dx.doi.org/10.4161/cc.6.13.4357
http://dx.doi.org/10.1523/JNEUROSCI.1897-08.2008


161Potassium channels as therapeutic targets in cancer • Huang and Jan

channel K2P1. Proc. Natl. Acad. Sci. USA. 107:10743–10748. http://dx.doi 
.org/10.1073/pnas.1004712107

Plant, L.D., E.J. Dowdell, I.S. Dementieva, J.D. Marks, and S.A. Goldstein. 2011. 
SUMO modi�cation of cell surface Kv2.1 potassium channels regulates 
the activity of rat hippocampal neurons. J. Gen. Physiol. 137:441–454. 
http://dx.doi.org/10.1085/jgp.201110604

Preussat, K., C. Beetz, M. Schrey, R. Kraft, S. Wöl�, R. Kalff, and S. Patt. 
2003. Expression of voltage-gated potassium channels Kv1.3 and Kv1.5  
in human gliomas. Neurosci. Lett. 346:33–36. http://dx.doi.org/10.1016/ 
S0304-3940(03)00562-7

Prevarskaya, N., R. Skryma, and Y. Shuba. 2011. Calcium in tumour metastasis: 
new roles for known actors. Nat. Rev. Cancer. 11:609–618. http://dx.doi 
.org/10.1038/nrc3105

Rezzonico, R., C. Cayatte, I. Bourget-Ponzio, G. Romey, N. Belhacene, A. 
Loubat, S. Rocchi, E. Van Obberghen, J.A. Girault, B. Rossi, and H. 
Schmid-Antomarchi. 2003. Focal adhesion kinase pp125FAK interacts 
with the large conductance calcium-activated hSlo potassium channel in 
human osteoblasts: potential role in mechanotransduction. J. Bone Miner. 
Res. 18:1863–1871. http://dx.doi.org/10.1359/jbmr.2003.18.10.1863

Roger, S., M. Potier, C. Vandier, P. Besson, and J.Y. Le Guennec. 2006. Voltage-
gated sodium channels: new targets in cancer therapy? Curr. Pharm. Des. 
12:3681–3695. http://dx.doi.org/10.2174/138161206778522047

Ryan, M.Y., R. Maloney, J.D. Fineberg, R.A. Reenan, and R. Horn. 2012. RNA 
editing in eag potassium channels: biophysical consequences of edit-
ing a conserved S6 residue. Channels (Austin). 6:443–452. http://dx.doi 
.org/10.4161/chan.22314

Santoni, G., and V. Farfariello. 2011. TRP channels and cancer: new targets 
for diagnosis and chemotherapy. Endocr. Metab. Immune Disord. Drug 
Targets. 11:54–67. http://dx.doi.org/10.2174/187153011794982068

Schneider, S.W., P. Pagel, C. Rotsch, T. Danker, H. Oberleithner, M. Radmacher, 
and A. Schwab. 2000. Volume dynamics in migrating epithelial cells mea-
sured with atomic force microscopy. P�ugers Arch. 439:297–303. http://
dx.doi.org/10.1007/s004249900176

Schwab, A., and C. Stock. 2014. Ion channels and transporters in tumour 
cell migration and invasion. Philos. Trans. R. Soc. Lond. B Biol. Sci. 
369:20130102. http://dx.doi.org/10.1098/rstb.2013.0102

Schwab, A., B. Schuricht, P. Seeger, J. Reinhardt, and P.C. Dartsch. 1999. 
Migration of transformed renal epithelial cells is regulated by K+ chan-
nel modulation of actin cytoskeleton and cell volume. P�ugers Arch. 
438:330–337. http://dx.doi.org/10.1007/s004240050917

Schwab, A., A. Wulf, C. Schulz, W. Kessler, V. Nechyporuk-Zloy, M. Römer, 
J. Reinhardt, D. Weinhold, P. Dieterich, C. Stock, and S.C. Hebert. 
2006. Subcellular distribution of calcium-sensitive potassium channels  
(IK1) in migrating cells. J. Cell. Physiol. 206:86–94. http://dx.doi.org/ 
10.1002/jcp.20434

Schwab, A., A. Fabian, P.J. Hanley, and C. Stock. 2012. Role of ion channels and 
transporters in cell migration. Physiol. Rev. 92:1865–1913. http://dx.doi 
.org/10.1152/physrev.00018.2011

Schwarz, T.L., B.L. Tempel, D.M. Papazian, Y.N. Jan, and L.Y. Jan. 1988. 
Multiple potassium-channel components are produced by alternative 
splicing at the Shaker locus in Drosophila. Nature. 331:137–142. http://
dx.doi.org/10.1038/331137a0

Shipston, M.J. 2011. Ion channel regulation by protein palmitoylation. J. Biol. 
Chem. 286:8709–8716. http://dx.doi.org/10.1074/jbc.R110.210005

Steinle, M., D. Palme, M. Misovic, J. Rudner, K. Dittmann, R. Lukowski, P. 
Ruth, and S.M. Huber. 2011. Ionizing radiation induces migration of 
glioblastoma cells by activating BK K(+) channels. Radiother. Oncol. 
101:122–126. http://dx.doi.org/10.1016/j.radonc.2011.05.069

Stringer, B.K., A.G. Cooper, and S.B. Shepard. 2001. Overexpression of the 
G-protein inwardly rectifying potassium channel 1 (GIRK1) in primary 
breast carcinomas correlates with axillary lymph node metastasis. Cancer 
Res. 61:582–588.

Stroka, K.M., H. Jiang, S.H. Chen, Z. Tong, D. Wirtz, S.X. Sun, and K. 
Konstantopoulos. 2014. Water permeation drives tumor cell migration 
in con�ned microenvironments. Cell. 157:611–623. http://dx.doi.org/10 
.1016/j.cell.2014.02.052

Sun, X.X., S.L. Bostrom, and L.C. Grif�th. 2009. Alternative splicing of the eag 
potassium channel gene in Drosophila generates a novel signal transduction 
scaffolding protein. Mol. Cell. Neurosci. 40:338–343. http://dx.doi.org/ 
10.1016/j.mcn.2008.11.005

Sundelacruz, S., M. Levin, and D.L. Kaplan. 2008. Membrane potential controls 
adipogenic and osteogenic differentiation of mesenchymal stem cells. 
PLoS ONE. 3:e3737. http://dx.doi.org/10.1371/journal.pone.0003737

Takahashi, A., H. Yamaguchi, and H. Miyamoto. 1993. Change in K+ current 
of HeLa cells with progression of the cell cycle studied by patch-clamp 
technique. Am. J. Physiol. 265:C328–C336.

pathobiological mechanisms and clinical implications. J. Mol. Med. 
(Berl.) 90:1173–1184. http://dx.doi.org/10.1007/s00109-012-0893-0

Monteith, G.R., D. McAndrew, H.M. Faddy, and S.J. Roberts-Thomson. 2007. 
Calcium and cancer: targeting Ca2+ transport. Nat. Rev. Cancer. 7:519–
530. http://dx.doi.org/10.1038/nrc2171

Monteith, G.R., F.M. Davis, and S.J. Roberts-Thomson. 2012. Calcium chan-
nels and pumps in cancer: changes and consequences. J. Biol. Chem. 
287:31666–31673. http://dx.doi.org/10.1074/jbc.R112.343061

Morokuma, J., D. Blackiston, D.S. Adams, G. Seebohm, B. Trimmer, and M. Levin. 
2008. Modulation of potassium channel function confers a hyperprolif-
erative invasive phenotype on embryonic stem cells. Proc. Natl. Acad. Sci.  
USA. 105:16608–16613. http://dx.doi.org/10.1073/pnas.0808328105

Mu, D., L. Chen, X. Zhang, L.H. See, C.M. Koch, C. Yen, J.J. Tong, L. Spiegel, 
K.C. Nguyen, A. Servoss, et al. 2003. Genomic ampli�cation and onco-
genic properties of the KCNK9 potassium channel gene. Cancer Cell. 
3:297–302. http://dx.doi.org/10.1016/S1535-6108(03)00054-0

Ouadid-Ahidouch, H., M. Roudbaraki, P. Delcourt, A. Ahidouch, N. Joury, and 
N. Prevarskaya. 2004. Functional and molecular identi�cation of interme-
diate-conductance Ca(2+)-activated K(+) channels in breast cancer cells: 
association with cell cycle progression. Am. J. Physiol. Cell Physiol. 
287:C125–C134. http://dx.doi.org/10.1152/ajpcell.00488.2003

Ouadid-Ahidouch, H., I. Dhennin-Duthille, M. Gautier, H. Sevestre, and A. 
Ahidouch. 2013. TRP channels: diagnostic markers and therapeutic 
targets for breast cancer? Trends Mol. Med. 19:117–124. http://dx.doi 
.org/10.1016/j.molmed.2012.11.004

Ousingsawat, J., M. Spitzner, S. Puntheeranurak, L. Terracciano, L. Tornillo, L. 
Bubendorf, K. Kunzelmann, and R. Schreiber. 2007. Expression of voltage- 
gated potassium channels in human and mouse colonic carcinoma. Clin.  
Cancer Res. 13:824–831. http://dx.doi.org/10.1158/1078-0432.CCR- 
06-1940

Overington, J.P., B. Al-Lazikani, and A.L. Hopkins. 2006. How many drug tar-
gets are there? Nat. Rev. Drug Discov. 5:993–996. http://dx.doi.org/10 
.1038/nrd2199

Palme, D., M. Misovic, E. Schmid, D. Klumpp, H.R. Salih, J. Rudner, and S.M. 
Huber. 2013. Kv3.4 potassium channel-mediated electrosignaling con-
trols cell cycle and survival of irradiated leukemia cells. P�ugers Arch. 
465:1209–1221. http://dx.doi.org/10.1007/s00424-013-1249-5

Pardo, L.A., and W. Stühmer. 2008. Eag1: an emerging oncological target. Cancer 
Res. 68:1611–1613. http://dx.doi.org/10.1158/0008-5472.CAN-07-5710

Pardo, L.A., and W. Stühmer. 2014. The roles of K+ channels in cancer. Nat. Rev. 
Cancer. 14:39–48. http://dx.doi.org/10.1038/nrc3635

Pardo, L.A., D. del Camino, A. Sánchez, F. Alves, A. Brüggemann, S. Beckh, and 
W. Stühmer. 1999. Oncogenic potential of EAG K(+) channels. EMBO J. 
18:5540–5547. http://dx.doi.org/10.1093/emboj/18.20.5540

Pardo, L.A., C. Contreras-Jurado, M. Zientkowska, F. Alves, and W. Stühmer. 
2005. Role of voltage-gated potassium channels in cancer. J. Membr. 
Biol. 205:115–124. http://dx.doi.org/10.1007/s00232-005-0776-1

Park, K.S., J.W. Yang, E. Seikel, and J.S. Trimmer. 2008. Potassium channel 
phosphorylation in excitable cells: providing dynamic functional variabil-
ity to a diverse family of ion channels. Physiology (Bethesda). 23:49–57. 
http://dx.doi.org/10.1152/physiol.00031.2007

Pei, L., O. Wiser, A. Slavin, D. Mu, S. Powers, L.Y. Jan, and T. Hoey. 2003. 
Oncogenic potential of TASK3 (Kcnk9) depends on K+ channel func-
tion. Proc. Natl. Acad. Sci. USA. 100:7803–7807. http://dx.doi.org/ 
10.1073/pnas.1232448100

Petrecca, K., D.M. Miller, and A. Shrier. 2000. Localization and enhanced cur-
rent density of the Kv4.2 potassium channel by interaction with the actin-
binding protein �lamin. J. Neurosci. 20:8736–8744.

Pillozzi, S., M.F. Brizzi, M. Balzi, O. Crociani, A. Cherubini, L. Guasti, B. 
Bartolozzi, A. Becchetti, E. Wanke, P.A. Bernabei, et al. 2002. HERG 
potassium channels are constitutively expressed in primary human acute 
myeloid leukemias and regulate cell proliferation of normal and leukemic 
hemopoietic progenitors. Leukemia. 16:1791–1798. http://dx.doi.org/ 
10.1038/sj.leu.2402572

Pillozzi, S., M.F. Brizzi, P.A. Bernabei, B. Bartolozzi, R. Caporale, V. Basile, 
V. Boddi, L. Pegoraro, A. Becchetti, and A. Arcangeli. 2007. VEGFR-1 
(FLT-1), 1 integrin, and hERG K+ channel for a macromolecular sig-
naling complex in acute myeloid leukemia: role in cell migration and 
clinical outcome. Blood. 110:1238–1250.  http://dx.doi.org/10.1182/blood- 
2006-02-003772

Pillozzi, S., M. Masselli, E. De Lorenzo, B. Accordi, E. Cilia, O. Crociani, A. 
Amedei, M. Veltroni, M. D’Amico, G. Basso, et al. 2011. Chemotherapy 
resistance in acute lymphoblastic leukemia requires hERG1 channels 
and is overcome by hERG1 blockers. Blood. 117:902–914. http://dx.doi 
.org/10.1182/blood-2010-01-262691

Plant, L.D., I.S. Dementieva, A. Kollewe, S. Olikara, J.D. Marks, and S.A. 
Goldstein. 2010. One SUMO is suf�cient to silence the dimeric potassium  

http://dx.doi.org/10.1073/pnas.1004712107
http://dx.doi.org/10.1073/pnas.1004712107
http://dx.doi.org/10.1085/jgp.201110604
http://dx.doi.org/10.1016/S0304-3940(03)00562-7
http://dx.doi.org/10.1016/S0304-3940(03)00562-7
http://dx.doi.org/10.1038/nrc3105
http://dx.doi.org/10.1038/nrc3105
http://dx.doi.org/10.1359/jbmr.2003.18.10.1863
http://dx.doi.org/10.2174/138161206778522047
http://dx.doi.org/10.4161/chan.22314
http://dx.doi.org/10.4161/chan.22314
http://dx.doi.org/10.2174/187153011794982068
http://dx.doi.org/10.1007/s004249900176
http://dx.doi.org/10.1007/s004249900176
http://dx.doi.org/10.1098/rstb.2013.0102
http://dx.doi.org/10.1007/s004240050917
http://dx.doi.org/10.1002/jcp.20434
http://dx.doi.org/10.1002/jcp.20434
http://dx.doi.org/10.1152/physrev.00018.2011
http://dx.doi.org/10.1152/physrev.00018.2011
http://dx.doi.org/10.1038/331137a0
http://dx.doi.org/10.1038/331137a0
http://dx.doi.org/10.1074/jbc.R110.210005
http://dx.doi.org/10.1016/j.radonc.2011.05.069
http://dx.doi.org/10.1016/j.cell.2014.02.052
http://dx.doi.org/10.1016/j.cell.2014.02.052
http://dx.doi.org/10.1016/j.mcn.2008.11.005
http://dx.doi.org/10.1016/j.mcn.2008.11.005
http://dx.doi.org/10.1371/journal.pone.0003737
http://dx.doi.org/10.1007/s00109-012-0893-0
http://dx.doi.org/10.1038/nrc2171
http://dx.doi.org/10.1074/jbc.R112.343061
http://dx.doi.org/10.1073/pnas.0808328105
http://dx.doi.org/10.1016/S1535-6108(03)00054-0
http://dx.doi.org/10.1152/ajpcell.00488.2003
http://dx.doi.org/10.1016/j.molmed.2012.11.004
http://dx.doi.org/10.1016/j.molmed.2012.11.004
http://dx.doi.org/10.1158/1078-0432.CCR-06-1940
http://dx.doi.org/10.1158/1078-0432.CCR-06-1940
http://dx.doi.org/10.1038/nrd2199
http://dx.doi.org/10.1038/nrd2199
http://dx.doi.org/10.1007/s00424-013-1249-5
http://dx.doi.org/10.1158/0008-5472.CAN-07-5710
http://dx.doi.org/10.1038/nrc3635
http://dx.doi.org/10.1093/emboj/18.20.5540
http://dx.doi.org/10.1007/s00232-005-0776-1
http://dx.doi.org/10.1152/physiol.00031.2007
http://dx.doi.org/10.1073/pnas.1232448100
http://dx.doi.org/10.1073/pnas.1232448100
http://dx.doi.org/10.1038/sj.leu.2402572
http://dx.doi.org/10.1038/sj.leu.2402572
http://dx.doi.org/10.1182/blood-2006-02-003772
http://dx.doi.org/10.1182/blood-2006-02-003772
http://dx.doi.org/10.1182/blood-2010-01-262691
http://dx.doi.org/10.1182/blood-2010-01-262691


JCB • VOLUME 206 • NUMBER 2 • 2014 162

Taylor, M.D., P.A. Northcott, A. Korshunov, M. Remke, Y.J. Cho, S.C. Clifford, 
C.G. Eberhart, D.W. Parsons, S. Rutkowski, A. Gajjar, et al. 2012. Molecular 
subgroups of medulloblastoma: the current consensus. Acta Neuropathol. 
123:465–472. http://dx.doi.org/10.1007/s00401-011-0922-z

Than, B.L., J.A. Goos, A.L. Sarver, M.G. O’Sullivan, A. Rod, T.K. Starr, R.J. 
Fijneman, G.A. Meijer, L. Zhao, Y. Zhang, et al. 2013. The role of 
KCNQ1 in mouse and human gastrointestinal cancers. Oncogene. In 
press. http://dx.doi.org/10.1038/onc.2013.350

Turner, K.L., and H. Sontheimer. 2013. KCa3.1 Modulates Neuroblast Migration 
Along the Rostral Migratory Stream (RMS) In Vivo. Cereb. Cortex. In 
press. http://dx.doi.org/10.1093/cercor/bht090

Urrego, D., A.P. Tomczak, F. Zahed, W. Stühmer, and L.A. Pardo. 2014. Potassium 
channels in cell cycle and cell proliferation. Philos. Trans. R. Soc. Lond. 
B Biol. Sci. 369:20130094. http://dx.doi.org/10.1098/rstb.2013.0094

Weaver, A.K., V.C. Bomben, and H. Sontheimer. 2006. Expression and function 
of calcium-activated potassium channels in human glioma cells. Glia. 
54:223–233. http://dx.doi.org/10.1002/glia.20364

Williams, C., K. Edvardsson, S.A. Lewandowski, A. Ström, and J.A. Gustafsson. 
2008. A genome-wide study of the repressive effects of estrogen receptor 
beta on estrogen receptor alpha signaling in breast cancer cells. Oncogene. 
27:1019–1032. http://dx.doi.org/10.1038/sj.onc.1210712

Williams, S., A. Bateman, and I. O’Kelly. 2013. Altered expression of two-pore 
domain potassium (K2P) channels in cancer. PLoS ONE. 8:e74589. 
http://dx.doi.org/10.1371/journal.pone.0074589

Wonderlin, W.F., K.A. Woodfork, and J.S. Strobl. 1995. Changes in membrane 
potential during the progression of MCF-7 human mammary tumor cells 
through the cell cycle. J. Cell. Physiol. 165:177–185. http://dx.doi.org/ 
10.1002/jcp.1041650121

Xie, J., and D.P. McCobb. 1998. Control of alternative splicing of potassium 
channels by stress hormones. Science. 280:443–446. http://dx.doi.org/ 
10.1126/science.280.5362.443

Yan, J., and R.W. Aldrich. 2010. LRRC26 auxiliary protein allows BK chan-
nel activation at resting voltage without calcium. Nature. 466:513–516. 
http://dx.doi.org/10.1038/nature09162

Yang, M., and W.J. Brackenbury. 2013. Membrane potential and cancer progres-
sion. Front. Physiol. 4:185. http://dx.doi.org/10.3389/fphys.2013.00185

Yang, H., Q. Zhang, J. He, and W. Lu. 2010. Regulation of calcium signaling in 
lung cancer. J. Thorac. Dis. 2:52–56.

Yang, F., J. Tu, J.Q. Pan, H.L. Luo, Y.H. Liu, J. Wan, J. Zhang, P.F. Wei, T. Jiang, 
Y.H. Chen, and L.P. Wang. 2013. Light-controlled inhibition of malig-
nant glioma by opsin gene transfer. Cell Death Dis. 4:e893. http://dx.doi 
.org/10.1038/cddis.2013.425

http://dx.doi.org/10.1007/s00401-011-0922-z
http://dx.doi.org/10.1038/onc.2013.350
http://dx.doi.org/10.1093/cercor/bht090
http://dx.doi.org/10.1098/rstb.2013.0094
http://dx.doi.org/10.1002/glia.20364
http://dx.doi.org/10.1038/sj.onc.1210712
http://dx.doi.org/10.1371/journal.pone.0074589
http://dx.doi.org/10.1002/jcp.1041650121
http://dx.doi.org/10.1002/jcp.1041650121
http://dx.doi.org/10.1126/science.280.5362.443
http://dx.doi.org/10.1126/science.280.5362.443
http://dx.doi.org/10.1038/nature09162
http://dx.doi.org/10.3389/fphys.2013.00185
http://dx.doi.org/10.1038/cddis.2013.425
http://dx.doi.org/10.1038/cddis.2013.425

