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Ether-d-go-gol (Eagl, Kv10.1, KCNH1) K channel is a member of the voltage-gated K* channel family mainly distributed in the
central nervous system and cancer cells. Like other types of voltage-gated K channels, the EAGI channels are regulated by a variety
of endogenous signals including reactive oxygen species, rendering the EAGI to be in the redox-regulated ion channel family. The
role of EAGI channels in tumor development and its therapeutic significance have been well established. Meanwhile, the importance
of hEAGI channels in the nervous system is now increasingly appreciated. The present review will focus on the recent progress on
the channel regulation by endogenous signals and the potential functions of EAGI channels in normal neuronal signaling as well

as neurological diseases.

1. Introduction

Ether-a-go-gol (Eagl), a voltage-gated K* (Kv) channel firstly
identified in a leg shaking mutant phenotype of Drosophila
caused by spontaneously repetitive action potential firing in
motor neurons and increased transmitter release [1, 2], is
conserved in diverse mammalian species including human.
Three subfamilies of the mammalian homologs, EAG, ERG
(eag-related), and ELK (eag-like), have been identified [3] and
show distinct expression patterns and electrophysiological
properties [4]. Compared to the well-known function of
human ERGI1 (HERGI) channels in long QT syndrome in
cardiac arrhythmia, the physiological roles of EAG channels
remain largely unknown [5]. So far, two EAG isoforms Eagl
(KCNHI, Kv10.1) and Eag2 (KCNHS5, Kv10.2) have been
identified and they show similar electrophysiological features
such as slow voltage-dependent activation, noninactivat-
ing, and inhibition by intracellular Ca** [Ca®*]; [4, 6, 7].

Their responses to extracellular quinidine, a broad-spectrum
K" channel inhibitor, however, were noticeably different,
indicating this compound can be used to distinguish the
EAG channel subtypes in native cells [7]. In physiological
conditions, both EAG1 and EAG2 channels are expressed
in the brain and their distributions overlap in the cortex
and olfactory bulb, but show some differential expression
pattern in other specific locations such as thalamus [8].
The nonneural distributions of EAGI channels are highly
constricted to a large variety of cancer cells and their roles
in cancer growth, metastasis, and the potential diagnostic
and therapeutic significance have been well established [5,
9, 10]. Likewise, EAG2 channels, although less extensively
studied, have also been revealed recently to play important
roles in medulloblastoma development and to be a potential
therapeutic target and a tumor marker [11, 12].

In humans, EAGI is encoded by the KCNHI1 gene located
on chromosome 1q32.1-32.3 [4]. Four alternative transcripts
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have been identified in the human brain and they can
translate into four different forms of proteins including the
canonical (most abundant) form, a longer variant containing
a 28-residue stretch between the transmembrane segments S3
and S$4, and two shorter forms recently identified, respectively
[13]. The stretch containing form shows no evident functional
differences compared to the canonical full-length standard
channel. By contrast, both shorter forms fail to form func-
tional ion channels because of lacking all transmembrane
segments but both can significantly reduce the current of
the full-length form when coexpressed in Xenopus oocytes
[13]. Like other Kv channels, the core region of EAGI
channel has six helical segments (SI to S6), including the
voltage sensor (S1-S4) and the K'-selective pore (S5, pore
helix, and S6). Even though the overall architecture of the
EAGI channels is similar to that of previously crystallized
Kv channel structures, there are many different aspects in
§2-S3 linker, S4, and S$4-S5 linker based on the structural
models of rat EAG1 (rEAGI1) channels derived by single-
particle cryoelectron microscopy (cryo-EM) [14]. These local
structural characters may determine that EAGI channel has
a fundamentally different voltage gating process compared
to other types Kv channels. In addition, its intracellular
domains are structurally distinct from other classical Kv
channels in that a long N-terminal region contains an eag
domain comprised of a Per-Arnt-Sim (PAS) domain and
a PAS-cap domain, while the C-terminal region contains
a cyclic nucleotide binding homology domain (CNBHD),
which is connected to the pore through a C-linker region
[15-17]. The CNBHDs of EAGI channels share a high degree
of sequence similarity with the cyclic nucleotide binding
domain conserved in the cyclic nucleotide-gated (CNG)
channels and hyperpolarization-activated cyclic nucleotide-
modulated (HCN) channels [16]. However, CNBHD does
not bind cyclic nucleotides [17-19]. The crystal structure of
eag-CNBHD complex of mEAG channel has suggested that
the coupling between eag and CNBHD is involved in EAG
channel gating regulated by eag domain [17]. The recent
cryo-EM structure of rat EAGI channel has further clearly
shown that the PAS domain is located at the periphery of the
intracellular region and interacts primarily with the CNBHD
from a neighboring subunit [14]. The S6 helix extends into the
intracellular region and connects to the C-linker, which forms
an intracellular ring directly above the CNBHD by which the
C-linker couples the movements of the S6 and CNBHD [14].

The function of the EAGI channels in nervous system
remained elusive until recently. A recent series of stud-
ies using gene knock-out animals and electrophysiologi-
cal recordings have provided strong evidence that EAGI
channels are important for the neuronal excitability reg-
ulation [20]. The clinical observations and genetic tests
further revealed that the gain-of-function mutations of EAG1
channels are closely associated with two rare neuronal
developmental diseases Zimmermann-Laband and Temple-
Baraitser syndromes (ZLS and TBS) [21-24]. This article will
briefly summarize the recent progress on the mechanisms of
EAGI channel gating regulation by endogenous molecules
and discuss its physiological and pathological functions in
nervous systems in mammals.
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2. Endogenous Regulation of EAG1 Channels

The function of EAGI channel can be regulated by a large
variety of proteins such as K™ channel regulator 1 (KCR1) [25],
CaM-dependent kinase [26], 14-3-3 protein [11], epsin [27],
rabaptin 5 [28], and cortactin [28]. These proteins function as
the channel partners and affect the trafficking and expression
of EAG channels. Additionally, the channels are acutely
regulated by a large array of endogenous small molecules
including Mg®" [29], H' [30], H,O, [31], arachidonic acid
(AA) [32], Ca** [33], phosphatidylinositol 4,5-bisphosphate
(PIP,) [34], and hormones [35-37]. The EAG channels also
undergo N-linked glycosylation before its insertion into
plasma membrane [38]. Recent report has shown that nuclear
localization signal (NLS) can regulate the localization and
function of EAG protein [39]. The functions and potential
mechanisms of regulation by most of the aforementioned
protein factors have been reviewed recently [5]. In this review,
we will discuss the EAG channel regulation by H,0,, Ca*",
PIP,, glycosylation, nuclear localization signal (Figure 1),
arachidonic acid, and hormones mainly focusing on the
recent mechanistic progress.

2.1. Redox Modification. Both the expression and the func-
tion of EAGI channels are linked to cellular oxygen home-
ostasis. Downie et al. [40] reported that EAGl-expressing
tumors showed increased angiogenesis compared to the
EAGI-negative control. EAGI channel was proposed to inter-
fere with hypoxia homeostasis by increasing the basal HIF-
lx activity and lowering the threshold of HIF-1le& activation
by hypoxia. Mild hypoxia (5% O,) induced HIF-1 expression
in EAGI-expressing cells while no increase in HIF-1 was
observed under normoxia. Sahoo et al. [31] observed that
ionic currents through the heterologously expressed EAGI
channels are progressively inhibited by intracellular applica-
tion of H,O,, an oxidative stress mediator, possibly via attack-
ing multiple cysteine residues as revealed by a systematic
study on channel modification by specific cysteine modifying
agents such as DTNB, MTSES*, and MTSET™~ combined
with cysteine mutations and electrophysiological assays. They
found that the kinetics of cysteine modification of EAG chan-
nels contains two components; a rapid component resulted in
an alteration of gating parameters of half-activation voltage,
activation and deactivation kinetics, and the channel open
probability while the slow component caused a complete
loss of channel function. The fast component is mediated by
two cysteine residues (C145:C214) in the linker connecting
to S1, while the slower component strongly depends on two
cysteines in the C-linker region (C532:C562) connecting to
the channel gate/pore (Figure 1).

2.2. Ca’*/CaM. Intracellular Ca** [Ca®"]; inhibits EAGI
channels with a half-maximal inhibition at a concentration
of ~100 nM [33] and the inhibition requires a direct binding
of CaM [4], 42]. A peptide screening combined with electro-
physiological recording has revealed three discrete sites (BD-
Cl: 674-683, BD-C2: 711-721, and BD-N: 151-165) potentially
binding to Ca**/CaM (Figure 1). Mutation of any of these
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FIGURE 1: Schematic representation of a KCNHI subunit
(NM_002238.3) indicating a PIP, binding site (blue), three CaM
binding domains (magenta), two glycosylated positions (green
balls), four oxidative modification sites (red stars), and two nuclear
localization signals (NLS) (orange).

domains can impair the inhibition of hEAGI currents by Ca**
[41]. Fluorescence correlation spectroscopy (FCS) affinity
assay further indicated that CaM binding to BD-Cl is of lower
affinity as compared to the other two sites [41]. Consistently,
by visualizing the interaction between YFP-labeled CaM
and Cerulean-labeled hEAGI in mammalian cells by Forster
resonance energy transfer (FRET), Gongalves et al. [43] found
that the high affinity BD-N binding domain and the sec-
ond C-terminal binding domain BD-C2 are predominantly
involved in EAGI channel inhibition by Ca**. Consistently, a
recent isothermal titration calorimetry (ITC) combined with
crystal structure of the CaM-BDC2 complex study revealed
a high affinity between CaM and BD-C2 [44]. Mutations at
these two sites completely abolished CaM binding to hEAG],
indicating that the BD-N and BD-C2 binding domains are
required for CaM binding. The recent CaM-bound cryo-EM
structure model of rat EAGI channels provided more detailed
information [14]. It is clearly shown that the channel pore
becomes smaller than the diameter of hydrated potassium
(6 to 8 A) when CaM is bound to the channel. The further
inspection of CaM-bound EAGI structure showed that all
three previously identified CaM binding sites are occupied
by one CaM and four CaM molecules are bound to the
functional tetramer channel. The two contact regions in the
C terminus of CNBHD form helices that act as a claw to grab
the CaM C-lobe. The first helix (residues 683 to 695) of the
lower affinity BD-C1 domain interacts with the top of the
CaM C-lobe near the Ca®* binding sites and the second helix
(residues 708 to 722) of the higher affinity BD-C2 domain
is bound to the hydrophobic pocket of the CaM C-lobe.
The hydrophobic core of the CaM-N-lobe binds to a helix
(residues 147 to 157) of high affinity BD-N on the PAS domain.
Based on the structure model, the authors hypothesized that
once [Ca®"]; increased, CaM may act as a molecular clamp

to pull the PAS domain and CNBHD together and then
alter the orientation of neighboring CNBHD. The orientation
alteration will lead to a rotation of both the C-linker and Se,
thereby constricting the intracellular gate and to close the
channel pore. In agreement with the structural findings, the
functional study by Lorinczi et al. [45] showed that deletion
of the eag domain, CNBHD, or the C-linker abolished the
inhibitory of [Ca“]i on EAGI channels. All these structural
and functional findings confirmed that eag domain and
CNBHD interaction and the downstream conformational
changes in C-linker region are critical in Ca**/CaM-induced
EAG channel gating inhibition.

2.3. PIP,. PIP,, a phospholipid composed of one negatively
charged head group and two fatty acid tails, serves as a
structural cofactor for many membrane proteins and it is
also the precursor of two important second messengers,
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP;)
[46]. It is well known that PIP, modulates a large variety of
ion channels, in which PIP, either works as a direct channel
gate opener or as a current enhancer by facilitating the gating
process [47]. Interestingly, our previous studies have shown
that PIP, functions as a potent inhibitory gating modifier of
the hEAGI channel by shifting the overall voltage dependence
of activation to the positive direction [34]. Although not
accurately measured, the voltage dependence shift caused
by PIP, may be >100 mV based on the observation that a
functionally saturating concentration of PIP, (3 uM) essen-
tially eliminates the current at 40 mV while the normalized
conductance without PIP, is near unity. In addition to PIP,,
other types of phosphatidylinositol (PIs), such as PI, PI1(4)P,
PI(3,4,5)P5, and PI(3,5)P,, also differentially alter the hEAG1
current, from no effect by PI to the strongest inhibition by
PI(3,5)P,, suggesting that the number of negative charges
of the head group is also critical for the channel inhibition.
By using biolayer interferometry (BLI) technique, a novel
methodology for detecting protein-protein or protein-small
molecules interactions [48], we measured the kinetics change
of binding between PIP, and purified hEAGI channel protein
and found that the kinetics of the BLI signal resembled those
observed in the patch clamp measurements in the excised
patches. In addition, the dissociation constant (K;) value
derived from BLI measurement is about 0.35 M, similar to
the IC;,, value obtained from the electrophysiological study.
The PIP, inhibition of hEAGI channels is physiologically
relevant as evidenced by the observation that neuronal
transmitter 5-HT noticeably increased the whole-cell current
from the hEAGI channels coexpressed with the serotonin
receptor HTR,, in HEK293 cells, suggesting that endogenous
PIP, may exert a detectable tonic inhibitory influence on
hEAGI channels in intact neurons. PIP, also modifies other
members of EAG K' channel family. For instance, PIP,
increases currents through hERGI possibly via a short region
rich in positively charged residues (*¥RQRKRKLSFRRR**)
in the intracellular C terminus [49]. By contrast, it inhibits
hELKI channels expressed in Xenopus oocytes by interacting
with some of the positively charged residues in the S4-
S5 linker, S6, and eag domain [50]. Amino acid sequences



of hEAGI, hELK], and hERGI show considerable similarity
(~40%) and these residues involved in PIP, action in ERG
and ELK are not well conserved in hEAGI channels, indi-
cating PIP, may use different mechanisms for EAG channel
inhibition. As expected, our BLI and mutational study on
the interaction between PIP, and the mutant channels clearly
showed that PIP, binding required a short segment located in
the downstream of the EAG domain close to S (Figure 1), a
short region called CaM-N identified previously because of
the potential Ca**/CaM binding [41]. Although lacking more
detailed information, our results suggested that, similar to
the approach by which Ca®*/CaM inhibits EAGI channels
[45], PIP, may alter the voltage dependence of activation
by changing the physical coupling between eag domain and
CNBHD [14, 17].

2.4. Glycosylation. N-linked glycosylation is a common post-
translational modification of membrane proteins including
many types of ion channels. The changes in the glycosylation
pattern may affect the surface charge, which could then
cause abnormal trafficking and dysfunction of ion channel,
leading to neurological disorders [51]. Although N-linked
glycosylation is very common, some types of ion channels
such as Kv1.6 and Kv2.1 are glycosylation deficient [52]. Napp
et al. [38] found that expression of Eagl in glycosylation
deficient Lecl cells or tunicamycin-treated CHO cells induced
the localization of Eagl to unidentified perinuclear structures,
suggesting the correct glycosylation is necessary for both
Eagl channel trafficking to the plasma membrane and the
proper function. The glycosylation sites of EAG channels
include Asn-388 and Phe-405, two residues located in the
extracellular loop between the S5 and S6 transmembrane
domains (Figure 1). But they show noticeable differences in
the glycosylation pattern; Asn-388 seems to undergo only
core glycosylation, but more complex sugars are bound to
Phe-405, shifting the apparent molecular mass of single
subunit of EAGI channel from 100 to 110 and 130 kDa,
respectively, as assessed by Western blot analysis. Besides the
correct channel folding, trafficking, expression, and normal
function of EAG channels, the other distinct physiological
significance of glycosylation may relate to the channel’s lower
sensitivity to some toxins, which display potent inhibition
on other types of Kv channels. The recent cryo-EM structure
model of rEAGI channel has clearly shown that EAGI channel
has an extended extracellular turret, a distinct structural
character compared to all previously identified Kv channel
structures [14, 53]. The sugar chains on the glycosylation sites
in the turret can prevent the binding of the toxins to the
channel pore.

2.5. Nuclear Localization Signal. The classical nuclear local-
ization signal (NLS) facilitates the trafficking of a cellular pro-
tein into the cell nucleus for precise regulation of the cellular
process such as gene expression [54], cell cycle, and signal
transduction [55]. Since the first NLS identified in SV40 large
T-antigen [56], many proteins including ion channel proteins
have been found to carry one or multiple NLSs [39, 57-
59]. The identification of the functional NLSs in ion channel
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proteins would provide novel roles besides the traditional
ion permeation function. For instance, the NLS in the C.
elegans TRPV channel OCR-2 facilitates the accumulation
of a synthetic cargo protein and the C-terminal cytosolic
fragment of OCR-2 [57]. The NLSs of the intracellular anion
channel protein 4 (CICL4) can mediate the channel itself to
enter into the nucleus in response to cellular stress [58] and
the NLS of y-subunit of the epithelial Na* channel (ENaC)
could regulate the channel activity in a feedback manner [59].
Interestingly, Sun et al. also found two NLSs in the carboxy-
terminal of Drosophila Eag80, an 80 kDa EAG splice variant
containing both N- and C-terminal sequences but lacking all
channel-forming transmembrane domains [39]. The Eag80
C-terminal contains two putative nuclear localization signals
NLS1 and NLS2 (Figure 1), one putative nuclear export signal
(NES), and binding domains for CaM and CaMKII. Although
it does not produce an active ion channel, Eag80 activates
a signaling cascade leading to altered cell architecture and
NLSI has been demonstrated to be necessary for such cell
morphology alteration. Although the exact mechanism by
which the splice variant carrying NLSs of EAG channel
protein change cell structure still needs to be uncovered,
the established relationship between morphologic changes
of neuron cells and aging as well as sporadic Alzheimer’s
disease is likely linked to the regulatory role of these cell shape
remodeling related splices on the neural circuit associated
with neurodegenerative diseases [60]. Apparently, the Eag80
is distinct from the inner nuclear membrane located EAG
channel because the latter’s nuclear localization does not
require the NLS and it shows electrical properties compatible
with full-length EAGI channels [61]. Recently, two mam-
malian orthologs of the Eag80 splice variants in Drosophila
have been identified in multiple tumor cells and brain tissue
[13]. They are E65 and E70 with the predicted protein size
of 65 and 70kDa, respectively. Similar to EAG80, both
variants completely lack the transmembrane domains and
produced cytoplasmic proteins without any channel function.
Coimmunoprecipitation assay shows that both E65 and E70
interact with the full-length EAGI channel and can down-
regulate EAGI current when they are coexpressed with the
full-length form [13]. Surprisingly, their mechanisms for the
full-length EAG channel current regulation are different. E65
causes an overall reduction in Ky, 10.1 protein level and also
reduces single channel current, whereas E70 mainly affected
the glycosylation pattern but without detectably affecting the
electrophysiological parameters [13]. The interaction between
the full-length EAGI channel and the splice variants does not
rely on the C-terminal tetramerization domain. However, the
interaction between the short isoforms and the full-length
channel would occur through other unknown interaction
sites. Unfortunately, none of these splice variants could be
detected as protein in native systems. Thus, more studies are
required before understanding their physiological functions
of these NLS contained splice variants.

2.6. Arachidonic Acid. Arachidonic acid (AA), a long-chain
polyunsaturated fatty acid, serves as a major constitute of
cell membrane of neuronal tissues [62, 63] and can be
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released as a second messenger during neurotransmission
[64, 65]. Maintaining a sufficient level of AA is a key issue
for the neurological health. AA deficiency is associated with
many neuronal diseases such as Alzheimer disease [66],
bipolar disorder [67], epileptic seizures, and depression [68].
Accumulating evidence suggests that the effects of AA are
mediated by regulation of some types of ion channels [69].
In the nervous system, AA and its metabolites can modulate
activities of multiple ion channels directly or indirectly,
including tetrodotoxin-sensitive (TTX-S) and tetrodotoxin-
resistant (TTX-R) sodium channels [70], voltage-gated Ca*
and K* channels [71-73], Ca**-dependent K" channels [74],
and acid-sensing ion channels [75]. HEAG, as one of the
voltage dependence K* channels responsible for controlling
neuronal excitability in the nervous system, has been identi-
fied as another AA-sensitive ion channel by Gavrilova-Ruch
etal. [32]. They reported that AA can enhance hEAG channels
activity by shifting the voltage dependence of activation to the
negative voltage, resulting in enhanced human melanoma cell
proliferation. The previous studies have suggested that AA
may directly bind to the channel pore [76, 77], N-terminal
[78], or C-terminal sites [79]. The evidence from the kinetic
changes of EAGI channels by AA has suggested that AA
directly interacts with the EAGI channel. Besides EAG1, AA
also activates EAG2 and ERGI channels, implicating a con-
served mechanism involved in AA-mediated activation of the
EAG channel family [32, 80]. The neurological significance
of EAGI regulation by AA is not yet known; however, based
on the wide distributions of AA and EAGI in the nervous
system, it is reasonable to expect that modulation of EAG1
by AA could play important roles in neuronal signaling and
excitability.

2.7. Estrogen and Progesterone. Both estrogen and proges-
terone display protective effects against some neurodegener-
ative disorders including stroke, traumatic brain injury [81-
83], Parkinson’s disease [84, 85], and other neurodegenerative
diseases [86, 87]. Like other steroids, the effects of estrogen
and progesterone are thought to be dependent on their
genomic effect via activation of their nuclear receptors [88,
89]. However, the nongenomic effect of both hormones
has been appreciated and, at least in part, is dependent on
their direct regulation of select ion channels. For example,
progesterone at micromolar concentrations directly blocks
the voltage-dependent calcium channel that triggers neu-
rotransmitter release to alleviate the neurotoxicity in the
brain [90] and the therapeutic concentrations can block
the voltage-gated potassium channel in striatal neurons in
rats [89]. Similarly, estrogen can exert rapid regulation of
potassium and calcium channels in neurons by activation
of estrogen receptors to regulate the neuronal activities [88]
and inhibit the epileptiform bursting activities in cultured
hippocampal neurons by activation of the voltage-gated
potassium channel Kv4.2 [91]. Estrogen and progesterone
have been reported to upregulate the expression of EAG
channel proteins in cervical cancer cells and normal cervical
cells [35-37]. The identifications of EAG as estrogen- and
progesterone-responsive ion channel give a strong hint that

EAGI channels would be involved in the hormone induced
signal pathways. Undoubtedly, future studies are needed to
determine if native neuronal EAG channels can be modulated
by these two hormones and what roles, if any, they may
have in mediating physiological functions of EAG channels
in CNS.

3. Functions of EAG1 Channels in Normal
Neuronal Signaling

The functional contribution of EAG channel to excitability
regulation in Drosophila has been extensively studied and
well accepted in the field [1, 92-94]. In zebrafish, Stengel
et al. found that EAGI is crucial for the early embryonic
development and patterning [95]. In mouse, the present
evidence from EAGI knock-out experiment has shown that
EAGI deficiency does not significantly alter the embryoge-
nesis, development, social behavior, learning and memory,
and the major electrical properties of cerebellar Purkinje cells.
The deficiency of EAGI only caused a mild hyperactivity
and longer-lasting haloperidol-induced catalepsy but did not
affect amphetamine sensitization and withdrawal and the
reactivity to apomorphine and haloperidol in the prepulse
inhibition (PPI) tests or to antidepressants in the haloperidol-
induced catalepsy [96]. Consistently, Issy et al. [97] also found
that injection of anti-EAGI antibody into the dentate gyrus
of hippocampus did not modify apomorphine-disruptive
effects in the PPI response. However, it is noteworthy that
the EAGI antibody completely restored the startle amplitude
decrease revealed after dentate gyrus surgery. More in-
depth inspection on the EAGI-deficient mice using patch
clamp and two-photon Ca*" imaging by Mortensen et al.
[20] demonstrated that EAGI is enriched in the presynaptic
terminals and is not involved in the somatic action potentials
(APs) in the cerebellum. However, they found that the EAG1
channel regulates Ca** influx and neurotransmitter release
during repetitive high-frequency activity. For example, the
authors noticed that Ca®" influx into axonal boutons was
enhanced in mutant mice in response to the stimulation
with three APs, but not to a single AP. This stimulation
frequency-dependent Ca’* release indicates that the EAGI
channel plays a fine-tuning role in synaptic transmission
during high-frequency firing when other potassium channels
suffer cumulative inactivation [20]. In addition, the presence
of EAGI channels in the nigrostriatal pathway in the rat brain
indicates that EAGI channels may be involved in Parkinson’s
disease characterized by partial or complete loss of dopamin-
ergic neurons [98]. The observations by Ferreira et al. showed
that both EAGI channel and tyrosine hydroxylase immunore-
activity decreased in ipsilateral striatum in the neurotoxin
6-hydroxydopamine (6-OHDA) injected rats [98]. On the
basis that the reactive oxygen species (ROS), such as the
superoxide anion and H,0O,, mediate the cytotoxicity of
dopaminergic neurons by 6-OHDA [99] and EAGI channels
are greatly sensitive to H,O, modification [31], it will be
worth exploring the physiological roles of EAGI channels
in dopaminergic midbrain neurons as well as in Parkinson’s
disease.
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FIGURE 2: Schematic presentation of KCNHI channel subunit (NM_172362.2) and the location of all identified mutations associated with TBS
(red balls), ZLS (blue balls), and undefined neurodevelopmental disorders (brown balls). The amount of “+” indicates the number of patients
with a certain type of mutations, and the color of “+” corresponds to patients with a certain type of disorders.

4. EAG1 Channel Dysfunction in Genetic
Neurological Disease

With the advance in the genome sequencing, the pathological
functions of EAGI channels in the nervous system are
beginning to be revealed. A series of clinical observations
have shown that gain-of-function of EAGI1 gene mutations
is strongly associated with two severe neurological and
developmental disorders, Zimmermann-Laband syndrome
(ZLS) [21, 22] and Temple-Baraitser syndrome (TBS) [23,
100]. The EAGI mutations were also found in some undefined
syndromes with intellectual disability and overlapping char-
acters of ZLS and TBS [24, 50], which greatly increases the
appreciation about the importance of physiological function
of EAGI channels. Here, we will review the recent litera-
tures [21-24, 50, 100] and summarize the advances in the
understanding of EAGI channel mutations in the etiology of
ZLS/TBS.

4.1. The Relationship between the Gain-of-Function of EAGI
Mutations and Phenotypes of ZLS/TBS. Although sharing
some similar syndromes, TBS and ZLS patients show dis-
tinct features: the former is characterized by intellectual
disability, epilepsy, and hypoplasia or aplasia of the nails
of the thumb and great toes [101, 102], and the latter is
characterized by gingival enlargement, intellectual disability,
hypoplasia or absence of all nails and terminal phalanges, and
hypertrichosis and associated with or without epilepsy [103-
105], respectively. Using whole-exome sequencing (WES)
technique, Simons et al. [23] and Kortiim et al. [21] almost
simultaneously connected the genetic causes of ZLS and
TBS to EAGI channel gain-of-mutations. So far, a total
of twenty-two cases with pathogenic EAGI mutations have
been reported in all six published papers [21-24, 50, 100].
Twelve different gain-of-function EAGI mutations have been
identified in twenty-two patients, in which five mutations are
TBS-associated [23, 100], six mutations are ZLS-associated
[21, 22], and four mutations are associated with atypical

syndromes of ZLS/TBS as shown in Table 1 [24, 50]. However,
no loss-of-function mutation was identified (Figure 2). Inter-
estingly, three mutations including Ile494Val, Gly375Arg,
and Leu489Phe were found to be associated with both
ZLS/TBS and the patients with atypical syndromes [23,
50], suggesting a crossed genotype-phenotype correlation.
Such a correlation is theoretically possible based on the
fact that the specific clinical characteristics of ZLS and TBS
have not been clearly classified yet, which will definitely
make it difficult to diagnose the patients as TBS or ZLS.
Generally, one can distinguish TBS from ZLS according to
their characteristic phenotypes displaying the nail hypoplasia
or aplasia only on the great toes and thumbs in TBS but
all nails dysplasia in ZLS [101, 102, 106, 107]. But not all the
patients always present these distinct phenotypes even when
associated with the same EAGI mutation such as Leu489Phe
[23, 50]. In fact, some common clinical features including
intellectual disability, epilepsy, deafness, and seizures can be
noted among these neurodevelopmental disorders, showing
the overlapping phenotypes [100].

Both Ile494Val and Gly375Arg mutations were detected
in patients with ZLS and TBS [21-23, 100], providing the
stronger evidence that these two syndromes belong to a phe-
notypic continuum. However, the careful clinical comparison
has found that the patients carrying the same mutations still
show various phenotypes. For instance, both the patient # 3
with ZLS (19 years old) in Kortiim et al’s study [21] and that
with TBS (9 months old) in Mégarbané et al’s study [100]
carried Gly375Arg mutation, but the seizures only occurred
in patient # 3 with ZLS [21, 100]. On the other hand, even
though we hypothesized that the EAGI mutation is the major
cause of ZLS/TBS, other factors could also play a tuning role
in shaping the distinct phenotypes. It is worth mentioning
that patient # 2 with ZLS from Kortiim et al. [21] carrying
two mutations in cis displays nail aplasia of three toes which
means the patient showed a more severe limb abnormality
than other ZLS patients with only one site mutation [21]. It
seems that a single point KCNHI mutation is not enough
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TaBLE 1: Demographic, genetic, and clinical data in all reported subjects with KCNHI mutations.
Mutations Reference TBS ZLS Atypical
615G>C Patient D N 3 3
Lys217Asn Simons et al., 2015
974C>A
Ser325Tyr (Ser352Tyr) Patient 2 3 N 3
1066G>C Kortim et al., 2015
Val356Leu (Val383Leu)
Patient 1 _ 3 4
Bramswig et al., 2015
Patient 2 _ _ +
Bramswig et al., 2015
1070G>A Patient 3 B B +
Arg357Gln Bramswig et al., 2015
Patient 1 _ _ +
Fukai et al., 2016
Patient 2 _ N .
Fukai et al., 2016
1070G>C Patient 3 _ _ .
Arg357Pro Fukai et al., 2016
Patient 3 B + B
Kortim et al., 2015
1042G>A Patient + _ _
Gly348Arg (Gly375Arg) Mégarbané et al., 2016
Patient
Mastrangelo et al., - + -
2016
1054C>G Patient 5 B + B
Leu352Val (Leu379Val) Kortlim et al., 2015
Patient B + 3 _
1465C>T Simons et al., 2015
Leu489Phe Patient 4
Bramswig et al., 2015 B B *
Patient C . _ _
Simons et al., 2015
Patient E + _ 3
Simons et al., 2015
1480A>G Patient F N 3 3
Tle494Val Simons et al., 2015
Patient 1 5 N 3
Kortiim et al., 2015
Patient 6 _ + _
Kortiim et al., 2015
1405G>A Patient 4 _ + _
Gly469Arg (Gly496Arg) Kortiim et al., 2015
1487G>A Patient 4 B B +
Gly496Glu Fukai et al., 2016
1508A>G Patient A + B _
GIn503Arg Simons et al., 2015
Total 12/22 22 7 7 8

+: present; —: absent; TBS: Temple-Baraitser syndrome; ZLS: Zimmermann-Laband syndrome; atypical: undefined neurodevelopmental disorder. The
mutations in brackets represent the translated mutations that are originally found in short KCNHI isoform (NM_002238.3) and in long isoform (NM_172362.2)
for the easier comparison.



to cause the distinguishable phenotypic clinical features for
all patients. Hence, genetic mutation accumulation may
contribute the serious phenotypic syndromes.

4.2. Is the Hotspot Mutation Indicated? Identification of a
hotspot mutation would simplify the clinical diagnosis for the
prospective patients, offering a possibility of understanding
the etiology of these neuronal disorders and even to find a
potential treatment. However, more than half of the patients
with the typical and atypical ZLS/TBS syndromes carry
different mutations as shown in Table 1. Moreover, even the
rest of the patients with the same genetic mutation clearly
show different clinical phenotypes. Although Arg357 and
Ile494 mutations have been identified in six and five different
patients in ZLS and TBS, suggesting these two mutations
maybe high frequently occurred and can be recognized as the
hotspot mutations in ZLS and TBS, respectively, it still needs
further clinical and genetic confirmation given a very small
number of patients in the studies and the diverse phenotypes
of patients carrying the same mutation [21, 23].

4.3. Functional Research of Gain-of-Mutation of EAGI Chan-
nel and the Potential Correlation with Epilepsies. K channels
are a major negative regulator of membrane excitability and
impairment of K" channel function by genetic mutations
has been involved in multiple human epileptic [108, 109].
Although the causality between the cellular excitability and
epilepsy is not demonstrated yet, the channel blockers of
voltage-gated Na* and Ca®* channels, and channel activators
of GABA receptors are therapeutically effective in a large
amount of patients with epilepsy [22]. The epileptic syn-
drome, a very common character of ZLS/TBS patients, how-
ever, was found to be associated with the gain-of-function
of EAGI mutation. The electrophysiological function of the
gain-of-function mutatuion of EAGI channel has been tested
in a heterologous expression system [21, 23]. The mutant
channels displayed no apparent difference in the current
amplitude compared to wild-type channels, but most of
the mutants exhibited an accelerated activation and slower
deactivation kinetics. The apparent threshold of voltage-
dependent activation is also more negative than that of
wild-type channels [21, 23]. The overall electrophysiological
property changes indicate that the gain-of-function mutation
would result in an enhanced K* transporting function,
which prefers to maintain a more negative resting membrane
potential thereby limiting the opening of voltage-gated Na*
and Ca®" channels, two major effectors during epilepsy [21].
This EAG] mutation with gain-of-function compared to that
in other K* channels with loss-of-function indicates that
the mechanisms mediating the epilepsy may be different
from that in classical types of epilepsy [109], although some
sodium channel blockers and GABA receptor agonists such
as rufinamide, topiramate, and nitrazepam have been used
to control seizures on the KCNHI mutation-affected cases
[22]. Interestingly, it has been noted that some gain-of-
function mutations of K channels are also implicated in
human epilepsies [110]. The following studies by Shruti et al.
have indicated that the elevated firing activity in neocortical
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pyramidal neurons is a potential mechanism of epileptic
patients associated with a gain-of-function mutation of the
large conductance and Ca** activated K* (BK) channel [111].
How the gain-of-function of EAGI mutant channel leads
to epilepsies remains elusive. Given both types of channels
mainly expressed in presynaptic membrane of neurons [20,
111], the gain-of-function mutation of BK and EAGI channels
may share common mechanisms in epilepsy generation.
Thus, in addition to the electrophysiological properties of
the gain-of-function of EAGI mutant channels on heterol-
ogous models, further investigating whether the mutant
EAGI channels change the overall electrical properties of the
neurons in situ and in vivo models will be critical to elucidate
the mechanisms of epilepsy associated with EAGI channel
mutation.

4.4. Potential Mechanisms of Gain-of-Function Mutation of
EAGI Channels. The specific mechanism by which these
mutations change the gating behavior is not clear. The recent
cryo-EM structural model of rEAGI channel may provide
some clues. The cryo-EM structure of rEAGI channel has
revealed that the S4 segment directly interacts with C-linker
to induce a bent in S6 segment to close the channel under a
hyperpolarized state and the bend will come back without the
interaction with S4 to open the channel under a depolarized
conformation [14]. Therefore, any changes on these helices
would perturb their movements, destabilize the closed state,
and affect the biophysical properties of EAGI channels. To
understand the potential mechanisms, the localization of all
12 mutations was indicated in Figure 2. which shows that
some of the mutation sites are located in the S4, S6, or
C-linker domains important for EAGI channel activation.
The mutation in these domains could perturb movement
of these domains and the subsequent interaction, favor-
ing the opening state. In addition, the cryo-EM structural
model of rEAGI has shown that S4-S5 linker can direct
the cytoplasmic C-terminal end of S4 to move toward the
C-linker by interacting with the C terminus of S6 under
the channel open state. The spatial orientation and proper
distance between the C terminus of S4 and the C-linker are
necessary for their interaction when the voltage sensors are
in the hyperpolarized state. Hence, Gly375Arg mutation is
likely to obstruct the S4-S5 linker motion to the direction of
C terminus of S4, which could influence the proper channel
gating. Moreover, the $4-S5 linker can be an integrator of the
N terminus of the PAS domain to modulate the activation
kinetics of EAGI. Thus, any amino acid mutation in the linker
could affect the movement of neighboring N terminus of PAS
or the whole PAS domain thereby changing the activation
kinetics of EAGI channel. The mutation in the S4-S5 linker
could also interrupt its interaction with the N terminus of PAS
and may have an impact on the channel’s activation kinetics,
shifting of the gating equilibrium of EAGI mutant channels
to the open state. All these hypotheses will give insights into
the molecular mechanism by which the mutations in these
domains may have a gain-of-function. A recent report has
shown that Arg327 mutation in EAG2 channel promotes the
channel constitutively opening by reducing the interaction
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with other negatively charged residues [112]. The cryo-EM
structure has suggested that a region formed by F261 and
D264 from S2 and D299 from S3 can facilitate the traverse
of arginine residues in S4 when the charge transfer center
is moving outward with depolarization. Mutation Arg357, a
residue located below the voltage sensors in S4, may impede
the backward movement of voltage sensor from the activated
state. The more detailed molecular mechanisms of the gating
of the mutant EAGI channels need further investigation.

5. Conclusion and Perspective

The fine-tuning effect of EAGI on synaptic transmission in
transgenic mice models may suggest that more in-depth
investigation of differential phenotypes from the cellular
to in vivo level is necessary. Indeed, besides the plasma
membrane, EAGI1 channel has also been reported to be
present in the inner membrane of the nuclear, indicating the
channel may play some unexpected roles in gene regulation.
In addition, although multiple gain-of-function mutations of
EAGI channels have been implicated in the developmental
neurological disorders including epilepsy, more mechanistic
studies are badly needed to build a causality connection
between the genetic changes of EAGI and clinical phenotypes
of neuronal disorders. All these efforts will greatly improve
our understanding of physiological and pathological signifi-
cance of EAGI channels.

The gain-of-function mutation of EAGI channels in
ZLS/TBS and the aberrant overexpression of channels in
cancer cells have strongly suggested that targeting EAGI
channels is ideal diagnostic and therapeutic strategies for
both EAGl-associated neuronal and nonneuronal diseases.
Unfortunately, no specific EAGI1 channel blockers are avail-
able. The crystal structure of eag-CNBHD complex provides
a promising approach for generating specific drugs target-
ing eag-CNBHD complex, the most distinct part of EAGI
channel compared to other Kv channels. However, pursuing
for a specific EAGI channel gating inhibitor by targeting the
eag-CNBHD complex failed to find any high affinity leads
[113]. The recent cryo-EM structural model of full-length
EAGI channel will facilitate the specific inhibitor discovery
process. In addition, the research on endogenous regulations
and the involved mechanisms will also be contributable.
For instance, intracellular Ca**/CaM and PIP, /3 have been
shown strong inhibition on EAGI channel gating. But the
physiological significance caused by these gate inhibitors
is largely unknown. The recent research has revealed that
the dynamics of membrane phospholipids is regulated by
membrane potential and intracellular local Ca?" [112, 114],
indicating that the EAGI channels are located in a more
complicated environment in which any changes in PIP,;,
Ca**/CaM, or membrane potential may eventually change
the EAGI channel function. Understanding such a compli-
cated regulation network will be helpful to further reveal
the functions of EAGI channels in both physiological and
pathological conditions.

The findings that EAGI channels are expressed in
dopaminergic neurons strongly suggest that the channel may

function in Parkinson’s diseases and other types of neu-
rodegenerative diseases in which the oxidative damage plays
important roles. Moreover, the elucidation of mammalian
EAGI channel structure and the potential mechanisms for
channel regulation by a variety of endogenous factors widely
expressed in our body including nervous systems will defi-
nitely provide valuable information for EAGI channel drug
development.

Competing Interests

The authors declare no conflict of interests.

Acknowledgments

The authors thank Dr. Toshinori Hoshi (the University of
Pennsylvania) for carefully reading the manuscript. This
work was supported by National Natural Science Foundation
of China (31271217), National Basic Research Program of
China (2014CB910304), Shanghai Science and Technology
Commission (11JC1406400, 12PJ1404200), and State Key
Laboratory of Oncogenes and Related Genes Grant (90-12-
03).

References

[1] W. D. Kaplan and W. E. Trout 3rd, “The behavior of four
neurological mutants of Drosophila,” Genetics, vol. 61, no. 2, pp.
399-409, 1969.

[2] J. Warmke, R. Drysdale, and B. Ganetzky, “A distinct potassium
channel polypeptide encoded by the Drosophila eag locus,
Science, vol. 252, no. 5012, pp. 1560-1562, 1991.

[3] J. W. Warmke and B. Ganetzky, “A family of potassium channel
genes related to eag in Drosophila and mammals,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 91, no. 8, pp. 3438-3442,1994.

[4] G. A. Gutman, K. G. Chandy, S. Grissmer et al., “International
Union of Pharmacology. LIII. Nomenclature and molecular
relationships of voltage-gated potassium channels;,” Pharmaco-
logical Reviews, vol. 57, no. 4, pp. 473-508, 2005.

[5] H.Ouadid-Ahidouch, A. Ahidouch, and L. A. Pardo, “Kv10.1 K"

channel: from physiology to cancer,” Pflugers Archiv European
Journal of Physiology, vol. 468, no. 5, pp. 751-762, 2016.

[6] M. Ju and D. Wray, “Molecular identification and characterisa-
tion of the human eag2 potassium channel,” FEBS Letters, vol.
524, no. 1-3, pp. 204-210, 2002.

[7] R. Schonherr, G. Gessner, K. Lober, and S. H. Heinemann,
“Functional distinction of human EAGI and EAG2 potassium
channels,” FEBS Letters, vol. 514, no. 2-3, pp. 204-208, 2002.

[8] J. Ludwig, R. Weseloh, C. Karschin et al., “Cloning and func-
tional expression of rat eag2, a new member of the ether-a-go-go
family of potassium channels and comparison of its distribution
with that of eagl,” Molecular and Cellular Neurosciences, vol. 16,
no. 1, pp. 59-70, 2000.

[9] L. A. Pardo, D. Del Camino, A. Sanchez et al., “Oncogenic
potential of EAG K* channels,” EMBO Journal, vol. 18, no. 20,

Pp. 5540-5547, 1999.
[10] J. Napp, L. A. Pardo, E. Hartung, L. E. Tietze, W. Stithmer, and E.
Alves, “In vivo imaging of tumour xenografts with an antibody



10

targeting the potassium channel Kv10.1,” European Biophysics
Journal, vol. 45, no. 7, pp. 721-733, 2016.

[11] P.-H.Hsu, S.-C. Miaw, C.-C. Chuang et al., “14-3-30 is a binding
partner of rat Eagl potassium channels,” PLoS ONE, vol. 7, no.
7, Article ID 41203, 2012.

[12] X.Huang, Y. He, A. M. Dubuc et al., “EAG2 potassium channel
with evolutionarily conserved function as a brain tumor target,”
Nature Neuroscience, vol. 18, no. 9, pp. 1236-1246, 2015.

[13] F. Ramos Gomes, V. Romaniello, A. Sianchez et al., “Alterna-
tively spliced isoforms of Kv10.1 potassium channels modulate
channel properties and can activate cyclin-dependent kinase in
Xenopus oocytes,” The Journal of Biological Chemistry, vol. 290,
no. 51, pp. 3035130365, 2015.

(14] J. R. Whicher and R. MacKinnon, “Structure of the voltage-
gated K" channel Eagl reveals an alternative voltage sensing
mechanism,” Science, vol. 353, no. 6300, pp. 664-669, 2016.

[15] T.I. Brelidze, A. E. Carlson, B. Sankaran, and W. N. Zagotta,
“Structure of the carboxy-terminal region of a KCNH channel,
Nature, vol. 481, no. 7382, pp- 530-533, 2012.

[16] A.Briiggemann, L. A. Pardo, W. Stithmer, and O. Pongs, “Ether-
a-go-go encodes a voltage-gated channel permeable to K* and
Ca*" and modulated by cAMP,” Nature, vol. 365, no. 6445, pp.
445-448,1993.

[17] Y. Haitin, A. E. Carlson, and W. N. Zagotta, “The structural
mechanism of KCNH-channel regulation by the eag domain,”
Nature, vol. 501, no. 7467, pp. 444-448, 2013.

[18] T.I.Brelidze, A. E. Carlson, D. R. Davies, L. J. Stewart, and W. N.
Zagotta, “Identifying regulators for EAGI channels with a novel
electrophysiology and tryptophan fluorescence based screen,”
PLoS ONE, vol. 5, no. 9, Article ID el2523, 2010.

[19] T. I. Brelidze, A. E. Carlson, and W. N. Zagotta, “Absence
of direct cyclic nucleotide modulation of mEAGI and hERGI
channels revealed with fluorescence and electrophysiological
methods,” Journal of Biological Chemistry, vol. 284, no. 41, pp.
27989-27997, 2009.

[20] L. S. Mortensen, H. Schmidt, Z. Farsi et al., “Kv10.1 opposes
activity-dependent increase in Ca*" influx into the presynaptic
terminal of the parallel fibre-Purkinje cell synapse,” Journal of
Physiology, vol. 593, no. 1, pp. 181-196, 2015.

[21] E Kortim, V. Caputo, C. K. Bauer et al., “Mutations in KCNHI
and ATP6VIB2 cause Zimmermann-Laband syndrome,” Nature
Genetics, vol. 47, no. 6, pp. 661-667, 2015.

[22] M. Mastrangelo, I. E. Scheffer, N. C. Bramswig et al., “Epilepsy
in KCNHI-related syndromes,” Epileptic Disorders, vol. 18, no. 2,
pp. 123-136, 2016.

[23] C. Simons, L. D. Rash, J. Crawford et al., “Mutations in the
voltage-gated potassium channel gene KCNHI cause Temple-
Baraitser syndrome and epilepsy,” Nature Genetics, vol. 47, no.
1, pp. 73-77, 2015.

[24] R. Fukai, H. Saitsu, Y. Tsurusaki et al., “De novo KCNHI1
mutations in four patients with syndromic developmental delay,
hypotonia and seizures,” Journal of Human Genetics, vol. 61, no.
5, pp. 381-387, 2016.

[25] N. Hoshi, H. Takahashi, M. Shahidullah, S. Yokoyama, and
H. Higashida, “KCR1, a membrane protein that facilitates
functional expression of non-inactivating K* currents asso-
ciates with rat EAG voltage-dependent K* channels,” Journal of
Biological Chemistry, vol. 273, no. 36, pp. 23080-23085, 1998.

[26] X. X. Sun, J. J. L. Hodge, Y. Zhou, M. Nguyen, and L. C.
Griffith, “The eag potassium channel binds and locally activates
calcium/calmodulin-dependent protein kinase II,” Journal of
Biological Chemistry, vol. 279, no. 11, pp. 10206-10214, 2004.

Oxidative Medicine and Cellular Longevity

[27] E. T. Piros, L. Shen, and X.-Y. Huang, “Purification of an EH
domain-binding protein from rat brain that modulates the
gating of the rat ether-a-go-go channel,” Journal of Biological
Chemistry, vol. 274, no. 47, pp. 33677-33683, 1999.

[28] S.Herrmann, M. Ninkovic, T. Kohl, E. Lérinczi, and L. A. Pardo,
“Cortactin controls surface expression of the voltage-gated
potassium channel Kv10.1,” The Journal of Biological Chemistry,
vol. 287, no. 53, pp. 44151-44163, 2012.

[29] H. Terlau, J. Ludwig, R. Steftan, O. Pongs, W. Stithmer, and S. H.
Heinemann, “Extracellular Mg** regulates activation of rat eag
potassium channel,” Pflugers Archiv, vol. 432, no. 2, pp. 301-312,
1996.

[30] M. Kazmierczak, X. Zhang, B. Chen et al., “External pH mod-
ulates EAG superfamily K™ channels through EAG-specific
acidic residues in the voltage sensor;” Journal of General Phys-
iology, vol. 141, no. 6, pp. 721-735, 2013.

[31] N. Sahoo, R. Schonherr, T. Hoshi, and S. H. Heinemann, “Cys-
teines control the N- and C-linker-dependent gating of KCNH1
potassium channels,” Biochimica et Biophysica Acta (BBA)—
Biomembranes, vol. 1818, no. 5, pp. 1187-1195, 2012.

[32] O. Gavrilova-Ruch, R. Schonherr, and S. H. Heinemann, “Acti-
vation of hEAGI potassium channels by arachidonic acid,
Pflugers Archiv, vol. 453, no. 6, pp. 891-903, 2007.

[33] C. E. Stansfeld, J. Roper, J. Ludwig et al., “Elevation of intra-
cellular calcium by muscarinic receptor activation induces a
block of voltage-activated rat ether-a-go-go channels in a stably
transfected cell line,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 93, no. 18, pp. 9910—
9914, 1996.

[34] B. Han, K. He, C. Cai et al., “Human EAG channels are directly
modulated by PIP, as revealed by electrophysiological and
optical interference investigations,” Scientific Reports, vol. 6,
Article ID 23417, 2016.

[35] A. Ramirez, L. M. Hinojosa, J. D. J. Gonzales et al., “KCNHI1
potassium channels are expressed in cervical cytologies from
pregnant patients and are regulated by progesterone,” Reproduc-
tion, vol. 146, no. 6, pp. 615-623, 2013.

[36] L.Diaz,I. Ceja-Ochoa, I. Restrepo-Angulo et al., “Estrogens and
human papilloma virus oncogenes regulate human Ether-d-go-
go-1 potassium channel expression,” Cancer Research, vol. 69,
no. 8, pp. 3300-3307, 2009.

[37] C.S. Ortiz, D. Montante-Montes, M. Saqui-Salces et al., “Eagl
potassium channels as markers of cervical dysplasia,” Oncology
Reports, vol. 26, no. 6, pp. 1377-1383, 2011.

[38] J. Napp, E Monje, W. Stithmer, and L. A. Pardo, “Glycosylation
of Eagl (Kv10.1) potassium channels: intracellular trafficking
and functional consequences,” Journal of Biological Chemistry,
vol. 280, no. 33, pp. 29506-29512, 2005.

[39] X.X.Sun,S. L. Bostrom, and L. C. Griffith, “Alternative splicing
of the eag potassium channel gene in Drosophila generates a
novel signal transduction scaffolding protein,” Molecular and
Cellular Neuroscience, vol. 40, no. 3, pp. 338-343, 2009.

[40] B. R. Downie, A. Sdnchez, H. Knotgen et al., “Eagl expression
interferes with hypoxia homeostasis and induces angiogenesis
in tumors,” Journal of Biological Chemistry, vol. 283, no. 52, pp.
36234-36240, 2008.

[41] U. Ziechner, R. Schonherr, A.-K. Born et al., “Inhibition of
human ether @ go-go potassium channels by Ca**/calmodulin
binding to the cytosolic N- and C-termini,” FEBS Journal, vol.
273, no. 5, pp. 1074-1086, 2006.



Oxidative Medicine and Cellular Longevity

[42]

(43]

(48]

(49]

(50]

(52

(53]

(54]

[55]

[56]

R. Schonherr, K. Lober, and S. H. Heinemann, “Inhibition of
human ether a go-go potassium channels by Ca**/calmodulin,’
EMBO Journal, vol. 19, no. 13, pp. 3263-3271, 2000.

J. T. Gongalves, W. Stithmer, and R. Steinhardt, “Calmodulin
interaction with hEAGI visualized by FRET microscopy,” PLoS
ONE, vol. 5, no. 5, Article ID 10873, 2010.

M. J. Marques-Carvalho, J. Oppermann, E. Mufoz et al,
“Molecular insights into the mechanism of calmodulin inhibi-
tion of the EAGI potassium channel,” Structure, vol. 24, no. 10,
pp. 1742-1754, 2016.

E. Lorinczi, M. Helliwell, A. Finch et al., “Calmodulin regulates
human ether a go-go 1 (hEAGI) potassium channels through
interactions of the eag domain with the cyclic nucleotide
binding homology domain,” The Journal of Biological Chemistry,
vol. 291, no. 34, pp. 17907-17918, 2016.

J. R. Halstead, K. Jalink, and N. Divecha, “An emerging role for
PtdIns(4,5)P,-mediated signalling in human disease,” Trends in
Pharmacological Sciences, vol. 26, no. 12, pp. 654-660, 2005.

D. E. Logothetis, V. 1. Petrou, M. Zhang et al., “Phosphoinositide
control of membrane protein function: a frontier led by studies
on ion channels,” Annual Review of Physiology, vol. 77, pp. 81-
104, 2015.

C. A. Wartchow, E Podlaski, S. Li et al., “Biosensor-based small
molecule fragment screening with biolayer interferometry;
Journal of Computer-Aided Molecular Design, vol. 25, no. 7, pp.
669-676, 2011.

J.-S. Bian, A. Kagan, and T. V. McDonald, “Molecular analysis
of PIP, regulation of HERG and Iy,,” American Journal of
Physiology—Heart and Circulatory Physiology, vol. 287, no. 5, pp.
H2154-H2163, 2004.

N. C. Bramswig, C. W. Ockeloen, J. C. Czeschik et al., ““Splitting
versus lumping”: temple-Baraitser and Zimmermann-laband
syndromes,” Human Genetics, vol. 134, no. 10, pp. 1089-1097,
2015.

D. Baycin-Hizal, A. Gottschalk, E. Jacobson et al., “Physiologic
and pathophysiologic consequences of altered sialylation and
glycosylation on ion channel function,” Biochemical and Bio-
physical Research Communications, vol. 453, no. 2, pp. 243-253,
2014.

G. Shi and J. S. Trimmer, “Differential asparagine-linked glyco-
sylation of voltage-gated K* channels in mammalian brain and
in transfected cells,” Journal of Membrane Biology, vol. 168, no.
3, pp. 265-273,1999.

S. B. Long, E. B. Campbell, and R. MacKinnon, “Crystal
structure of a mammalian voltage-dependent Shaker family K*
channel,” Science, vol. 309, no. 5736, pp. 897-903, 2005.

S. Heessen and M. Fornerod, “The inner nuclear envelope as a
transcription factor resting place,” EMBO Reports, vol. 8, no. 10,
pp. 914-919, 2007.

Y. Gruenbaum, A. Margalit, R. D. Goldman, D. K. Shumaker,
and K. L. Wilson, “The nuclear lamina comes of age,” Nature
Reviews Molecular Cell Biology, vol. 6, no. 1, pp. 21-31, 2005.

D. Kalderon, B. L. Roberts, W. D. Richardson, and A. E. Smith,
“A short amino acid sequence able to specify nuclear location,”
Cell, vol. 39, no. 3, pp. 499-509, 1984.

M. J. Ezak and D. M. Ferkey, “A functional nuclear localization
sequence in the C. elegans TRPV channel OCR-2,” PLoS ONE,
vol. 6, no. 9, Article ID €25047, 2011.

A. V. Mynott, S. J. Harrop, L. J. Brown, S. N. Breit, B. Kobe,
and P. M. G. Curmi, “Crystal structure of importin-a bound to
a peptide bearing the nuclear localisation signal from chloride

[59

[61

[63

(64

(65

(66

(67

(68

[72

]

]

]

]

]

]

1

intracellular channel protein 4,” The FEBS Journal, vol. 278, no.
10, pp. 1662-1675, 2011.

R. N. Mahalakshmi, M. Y. Ng, K. Guo, Z. Qi, W. Hunziker, and
P. Béguin, “Nuclear localization of endogenous RGK proteins
and modulation of cell shape remodeling by regulated nuclear
transport,” Traffic, vol. 8, no. 9, pp. 1164-1178, 2007.

L. Penazzi, L. Bakota, and R. Brandt, “Microtubule dynamics
in neuronal development, plasticity, and neurodegeneration,”
International Review of Cell and Molecular Biology, vol. 321, pp.
89-169, 2016.

Y. Chen, A. Sdnchez, M. E. Rubio, T. Kohl, L. A. Pardo, and
W. Stithmer, “Functional Kv10.1 channels localize to the inner
nuclear membrane,” PLoS ONE, vol. 6, no. 5, Article ID €19257,
2011.

J. J. DeGeorge, J. G. Noronha, J. Bell, P. Robinson, and S.
L. Rapoport, “Intravenous injection of [1-'*Clarachidonate to
examine regional brain lipid metabolism in unanesthetized
rats,” Journal of Neuroscience Research, vol. 24, no. 3, pp. 413-
423,1989.

T. A. Rosenberger, N. E. Villacreses, M. A. Contreras, J. V.
Bonventre, and S. I. Rapoport, “Brain lipid metabolism in the
cPLA2 knockout mouse;” Journal of Lipid Research, vol. 44, no.
1, pp. 109-117, 2003.

M. Basselin, M. A. Fox, L. Chang et al,, “Imaging elevated
brain arachidonic acid signaling in unanesthetized serotonin
transporter (5-HTT)-deficient mice,” Neuropsychopharmacol-
ogy, vol. 34, no. 7, pp. 1695-1709, 2009.

R. Pichika, A. Y. Taha, E Gao et al., “The synthesis and in vivo
pharmacokinetics of fluorinated arachidonic acid: implications
for imaging neuroinflammation,” Journal of Nuclear Medicine,
vol. 53, no. 9, pp. 1383-1391, 2012.

G. Esposito, G. Giovacchini, J.-S. Liow et al., “Imaging neuroin-
flammation in Alzheimer’s disease with radiolabeled arachi-
donic acid and PET; Journal of Nuclear Medicine, vol. 49, no.
9, pp. 14141421, 2008.

J. S. Rao, G. J. Harry, S. I. Rapoport, and H. W. Kim, “Increased
excitotoxicity and neuroinflammatory markers in postmortem
frontal cortex from bipolar disorder patients,” Molecular Psychi-
atry, vol. 15, no. 4, pp. 384-392, 2010.

1. Lauritzen, N. Blondeau, C. Heurteaux, C. Widmann, G.
Romey, and M. Lazdunski, “Polyunsaturated fatty acids are
potent neuroprotectors,” The EMBO Journal, vol. 19, no. 8, pp.
1784-1793, 2000.

H. Meves, “Modulation of ion channels by arachidonic acid;
Progress in Neurobiology, vol. 43, no. 2, pp. 175-186, 1994.

G. Y. Lee, Y. K. Shin, C. S. Lee, and J.-H. Song, “Effects of
arachidonic acid on sodium currents in rat dorsal root ganglion
neurons,” Brain Research, vol. 950, no. 1-2, pp. 95-102, 2002.

L. Liu and A. R. Rittenhouse, “Arachidonic acid mediates mus-
carinic inhibition and enhancement of N-type Ca*" current in
sympathetic neurons,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 1, pp. 295-
300, 2003.

S. Visentin and G. Levi, “Arachidonic acid-induced inhibition
of microglial outward-rectifying K" current,” GLIA, vol. 22, no.
1, pp. 1-10, 1998.

Y.-J. Fang, M.-H. Zhou, X.-E Gao, H. Gu, and Y.-A. Mei,
“Arachidonic acid modulates Na* currents by non-metabolic

and metabolic pathways in rat cerebellar granule cells,” Bio-
chemical Journal, vol. 438, no. 1, pp. 203-215, 2011.



12

(74]

(75]

(76]

(77]

(79]

(81]

(82]

(83]

(87]

D. D. Denson, X. Wang, R. T. Worrell, and D. C. Eaton, “Effects
of fatty acids on BK channels in GH; cells,” American Journal
of Physiology - Cell Physiology, vol. 279, no. 4, pp. C1211-CI1219,
2000.

E. S. Smith, H. Cadiou, and P. A. McNaughton, “Arachidonic
acid potentiates acid-sensing ion channels in rat sensory neu-
rons by a direct action,” Neuroscience, vol. 145, no. 2, pp. 686—
698, 2007.

S. L. Rogalski and C. Chavkin, “Eicosanoids inhibit the G-
protein-gated inwardly rectifying potassium channel (Kir3) at
the Na*/PIP, gating site,” The Journal of Biological Chemistry,
vol. 276, no. 18, pp. 14855-14860, 2001.

K. L. Hamilton, C. A. Syme, and D. C. Devor, “Molecular
localization of the inhibitory arachidonic acid binding site to
the pore of hIK1,” Journal of Biological Chemistry, vol. 278, no.
19, pp. 16690-16697, 2003.

C. M. Macica, Y. Yang, K. Lerea, S. C. Hebert, and W. Wang,
“Role of the NH, terminus of the cloned renal K* channel,
ROMK], in arachidonic acid-mediated inhibition,” American
Journal of Physiology - Renal Physiology, vol. 274, no. 1, part 2,
pp. F175-F181, 1998.

Y. Kim, C. Gnatenco, H. Bang, and D. Kim, “Localization of
TREK-2 K" channel domains that regulate channel kinetics
and sensitivity to pressure, fatty acids and pH,,” Pflugers Archiv
European Journal of Physiology, vol. 442, no. 6, pp. 952-960,
2001.

M. Guizy, C. Arias, M. David, T. Gonzélez, and C. Valenzuela,
“w-3 and w-6 polyunsaturated fatty acids block HERG chan-
nels,” American Journal of Physiology—Cell Physiology, vol. 289,
no. 5, pp. C1251-C1260, 2005.

D. W. Brann, K. Dhandapani, C. Wakade, V. B. Mahesh, and
M. M. Khan, “Neurotrophic and neuroprotective actions of
estrogen: basic mechanisms and clinical implications,” Steroids,
vol. 72, no. 5, pp. 381-405, 2007.

S.-H. Yang, R. Liu, E. J. Perez, X. Wang, and J. W. Simpkins,
“Estrogens as protectants of the neurovascular unit against
ischemic stroke,” Current Drug Targets: CNS and Neurological
Disorders, vol. 4, no. 2, pp. 169-177, 2005.

D.-S. Pan, W.-G. Liu, X.-E. Yang, and F. Cao, “Inhibitory effect
of progesterone on inflammatory factors after experimental
traumatic brain injury;” Biomedical and Environmental Sciences,
vol. 20, no. 5, pp. 432-438, 2007.

M. Bourque, D. E. Dluzen, and T. Di Paolo, “Signaling pathways
mediating the neuroprotective effects of sex steroids and SERMs
in Parkinson’s disease,” Frontiers in Neuroendocrinology, vol. 33,
no. 2, pp. 169-178, 2012.

B. Ritz, S. L. Rhodes, L. Qian, E. Schernhammer, J. H. Olsen, and
S. Friis, “L-type calcium channel blockers and parkinson disease
in Denmark,” Annals of Neurology, vol. 67, no. 5, pp. 600-606,
2010.

S. L V. Judge, J. M. Lee, C. T. Bever Jr,, and P. M. Hoff-
man, “Voltage-gated potassium channels in multiple sclerosis:
overview and new implications for treatment of central nervous
system inflammation and degeneration,” Journal of Rehabilita-
tion Research and Development, vol. 43, no. 1, pp. 111-122, 2006.
C. Shum, S. C. Macedo, K. Warre-Cornish, G. Cocks, J. Price,
and D. P. Srivastava, “Utilizing induced pluripotent stem cells
(iPSCs) to understand the actions of estrogens in human
neurons,” Hormones and Behavior, vol. 74, pp. 228-242, 2015.
L. Raz, M. M. Khan, V. B. Mahesh, R. K. Vadlamudi, and D.
W. Brann, “Rapid estrogen signaling in the brain,” NeuroSignals,
vol. 16, no. 2-3, pp. 140-153, 2008.

(89]

[90]

(92]

(95]

[96]

[97]

(98]

(100]

[101]

(102]

[103]

Oxidative Medicine and Cellular Longevity

B. G. Kelley and P. G. Mermelstein, “Progesterone blocks multi-
ple routes of ion flux,” Molecular and Cellular Neuroscience, vol.
48, no. 2, pp. 137-141, 2011.

J. I. Luoma, C. M. Stern, and P. G. Mermelstein, “Progesterone
inhibition of neuronal calcium signaling underlies aspects
of progesterone-mediated neuroprotection,” Journal of Steroid
Biochemistry and Molecular Biology, vol. 131, no. 1-2, pp. 30-36,
2012.

Y. Zhang, Y. Huang, X. Liu, G. Wang, X. Wang, and Y.
Wang, “Estrogen suppresses epileptiform activity by enhancing
Kv4.2-mediated transient outward potassium currents in pri-
mary hippocampal neurons,” International Journal of Molecular
Medicine, vol. 36, no. 3, pp. 865-872, 2015.

S. Srinivasan, K. Lance, and R. B. Levine, “Contribution of
EAG to excitability and potassium currents in Drosophila larval
motoneurons,” Journal of Neurophysiology, vol. 107, no. 10, pp.
2660-2671, 2012.

Y. Zhong and C.-E Wu, “Modulation of different K* currents
in Drosophila: a hypothetical role for the eag subunit in
multimeric K* channels,” Journal of Neuroscience, vol. 13, no. 11,
pp. 4669-4679,1993.

A. E. Dubin, M. M. Liles, and G. L. Harris, “The K" channel
gene ether a go-go is required for the transduction of a
subset of odorants in adult Drosophila melanogaster;” Journal
of Neuroscience, vol. 18, no. 15, pp. 5603-5613, 1998.

R. Stengel, E. Rivera-Milla, N. Sahoo et al., “Kenhl voltage-
gated potassium channels are essential for early zebrafish
development,” Journal of Biological Chemistry, vol. 287, no. 42,
pp- 35565-35575, 2012.

R. Ufartes, T. Schneider, L. S. Mortensen et al., “Behavioural and
functional characterization of Kv10.1 (Eagl) knockout mice,”
Human Molecular Genetics, vol. 22, no. 11, pp. 2247-2262, 2013.

A. C. Issy, J. R. Fonseca, L. A. Pardo, W. Stithmer, and E.
A. Del Bel, “Hippocampal ether-a-go-gol potassium channels
blockade: effects in the startle reflex and prepulse inhibition,”
Neuroscience Letters, vol. 559, pp. 13-17, 2014.

N. R. Ferreira, M. Mitkovski, W. Stithmer, L. A. Pardo, and E. A.
Del Bel, “Ether-a-go-go 1 (Eagl) potassium channel expression
in dopaminergic neurons of basal ganglia is modulated by 6-
hydroxydopamine lesion,” Neurotoxicity Research, vol. 21, no. 3,
pp. 317-333, 2012.

Y. Saito, K. Nishio, Y. Ogawa et al, “Molecular mecha-
nisms of 6-hydroxydopamine-induced cytotoxicity in PCI2
cells: involvement of hydrogen peroxide-dependent and -
independent action,” Free Radical Biology and Medicine, vol. 42,
no. 5, pp. 675-685, 2007.

A. Mégarbané, R. Al-Alj, N. Choucair et al., “Temple-baraitser
syndrome and zimmermann-laband syndrome: one clinical
entity?” BMC Medical Genetics, vol. 17, no. 1, article 42, 2016.

I. K. Temple and M. Baraitser, “Severe mental retardation and
absent nails of hallux and pollex;” American Journal of Medical
Genetics, vol. 41, no. 2, pp- 173-175, 1991.

M. T. Gabbett, R. C. Clark, and J. M. McGaughran, “A second
case of severe mental retardation and absent nails of hallux
and pollex (Temple-Baraitser syndrome),” American Journal of
Medical Genetics, Part A, vol. 146, no. 4, pp. 450-452, 2008.

P. E Laband, G. Habib, and G. S. Humphreys, “Hereditary gin-
gival fibromatosis. Report of an affected family with associated
splenomegaly and skeletal and soft-tissue abnormalities,” Oral
Surgery, Oral Medicine, Oral Pathology, vol. 17, no. 3, pp. 339-
351, 1964.



Oxidative Medicine and Cellular Longevity

[104]

[105]

(106]

[107]

[108]

[109]

[110]

(11

[112]

[113]

(114]

G. Alavandar, “Elephantiasis gingivae. Report of an affected
family with associated hepatomegaly, soft tissue & skeletal
abnormalities ;" The Journal of the All India Dental Association,
vol. 37, no. 11, pp. 349-353, 1965.

O. E Chacon-Camacho, J. Vazquez, and J. C. Zenteno, “Expand-
ing the phenotype of gingival fibromatosis-mental retardation-
hypertrichosis (Zimmermann-Laband) syndrome,” American
Journal of Medical Genetics, Part A, vol. 155, no. 7, pp. 1716-1720,
2011.

M. Castori, M. Valiante, G. Pascolini, V. Leuzzi, A. Pizzuti,
and P. Grammatico, “Clinical and genetic study of two patients
with Zimmermann-Laband syndrome and literature review;’
European Journal of Medical Genetics, vol. 56, no. 10, pp. 570-
576, 2013.

G. Yesil, S. Guler, A. Yuksel, and Y. Alanay, “Report of a patient
with Temple-Baraitser syndrome,” American Journal of Medical
Genetics, Part A, vol. 164, no. 3, pp. 848-851, 2014.

C. Biervert, B. C. Schroeder, C. Kubisch et al., “A potassium
channel mutation in neonatal human epilepsy;” Science, vol. 279,
no. 5349, pp. 403-406, 1998.

R. Kohling and J. Wolfart, “Potassium channels in epilepsy;’
Cold Spring Harbor Perspectives in Medicine, vol. 6, no. 5, 2016.
W. Du, J. E Bautista, H. Yang et al., “Calcium-sensitive potas-
sium channelopathy in human epilepsy and paroxysmal move-
ment disorder;” Nature Genetics, vol. 37, no. 7, pp. 733-738, 2005.
S. Shruti, R. L. Clem, and A. L. Barth, “A seizure-induced
gain-of-function in BK channels is associated with elevated
firing activity in neocortical pyramidal neurons,” Neurobiology
of Disease, vol. 30, no. 3, pp. 323-330, 2008.

X. Shi, Y. Bi, W. Yang et al,, “Ca*" regulates T-cell receptor
activation by modulating the charge property of lipids,” Nature,
vol. 493, no. 7430, pp. 111-115, 2013.

A.S. Fernandes, J. H. Morais-Cabral, and C. A. Harley, “Screen-
ing for non-pore-binding modulators of EAG K" channels,”
Journal of Biomolecular Screening, vol. 21, no. 7, pp. 758-765,
2016.

Y. Zhou, C.-O. Wong, K.-J. Cho et al., “Membrane potential
modulates plasma membrane phospholipid dynamics and K-
Ras signaling,” Science, vol. 349, no. 6250, pp. 873-876, 2015.

13



