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ABSTRACT

Calcium (Ca®) is a versatile and important
intracellular messenger, regulating a variety of
cellular processes, including neurotransmission,
muscle contraction, and signal transduction. A
large family of EF-hand Ca®*-binding proteins
that includes the well-known calmodulin mediates
the various Ca’* functions. Neuronal calcium
sensor-1 (NCS-1/frequenin) is another Ca?*-binding
protein that is mainly expressed in excitable cells.
NCS-1 has been reported to interact with
phosphatidylinositol 4-kinaselll-p and several ion
channels, thereby playing crucial roles in
regulating neuronal functions, including synaptic
transmission, learning and memory, and cell
survival. Although NCS-1 is also highly expressed
in young hearts, little was known about its cardiac
functions until recently. By characterizing Ncsl1-
knockout mice, NCS-1 has recently been
identified as a novel regulator of immature heart
contraction and cardiac hypertrophy. Here, we
will describe what is currently known about
biochemical characteristics, multiple targets, and
functional significance of NCS-1 in excitable
cells, especially those found in brain and heart
cells.

KEYWORDS: neuronal calcium sensor-1, NCS-1,
frequenin, ion channels, phosphatidylinositol
4-kinase, inositol 1,4,5-trisphosphate receptor,

*Corresponding author
tomoen@ri.ncvc.go.jp

exocytosis, synaptic plasticity, neuronal growth,
neuronal survival, excitation-contraction coupling,
immature heart, cardiac hypertrophy

ABBREVIATIONS

NCS-1 : neuronal calcium sensor-1

NCS : neuronal calcium sensor

VILIPs  :visinin-like proteins

GCAPs :guanylate cyclase-activating proteins
KChIPs : potassium channel interacting proteins
Pl-4-KB  : phosphatidylinositol 4-kinase I11-p

ER : endoplasmic reticulum

InsP3;R : inositol 1,4,5-trisphosphate receptor

ILIRAPL1 : interleukin-1 receptor accessory
protein like-1

GDNF : glial cell line-derived neurotrophic
factor

DRIPs : dopamine receptor-interacting proteins

SR : sarcoplasmic reticulum

CaMKII : Ca*/calmodulin-dependent protein
kinase Il

PI-3-K : phosphatidylinositol 3-kinase

NAIP : neuronal apoptosis inhibitory

protein

INTRODUCTION

Calcium (Ca?") is a second messenger regulating
a variety of cellular processes, such as signal
transduction, regulation of gene and protein
expression, and cell death. Therefore, it is important
for the maintenance of cellular homeostasis in
a variety of ways. In neurons, Ca’* has a crucial
role in neurotransmitter release, as well as short-
term and long-term synaptic plasticity, which may
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underlie a certain form of learning and memory.
In the myocardium, Ca®* is a key modulator not
only for muscle contraction but also for gene
transcription that eventually leads to cardiac
remodeling. The various actions of Ca®* are
mediated by a large family of EF-hand Ca®'-
binding proteins that may act either as Ca®*-
sensors or Ca?*-buffers. Upon binding to Ca*,
Ca’*-sensor proteins undergo large conformational
changes and transduce distinct Ca** signals into
various cellular function changes through target
protein regulation, whereas Ca**-buffer proteins
bind Ca** but do not undergo conformational
change [1]. Calmodulin is the best studied
prototypical example of a Ca®*-sensor [2]; it is
ubiquitously expressed and is involved in many
aspects of Ca“" signaling through controlling
its target proteins, including protein Kkinases,
phosphatases, and ion channels. However, many
other EF-hand Ca®*-binding proteins have been
identified.

One subfamily of EF-hand Ca”*-binding proteins,
the neuronal calcium sensor (NCS) proteins
(25%-35% sequence identity with calmodulin
[3]), is predominantly expressed in neurons, heart
cells, and retinal photoreceptors, suggesting that
these proteins have specialized roles within each
of these cell types. The NCS family includes
neuronal calcium sensor-1 (NCS-1), visinin-like
proteins (VILIPS), recoverin, guanylate cyclase-
activating proteins (GCAPs), and potassium
channel interacting proteins (KChIPs) (Table 1).
Some members of this family, specifically recoverin
and GCAPs, are only expressed in photoreceptor
cells and are implicated in the control of visual
transduction pathways through regulating rhodopsin
kinase and guanylate-cyclase activity, respectively.
VILIPs, another subfamily comprising VILIP-1,
VILIP-2, VILIP-3/neurocalcin 3, and hippocalcin,
are reported to have specialized functions in
membrane trafficking of some receptors and ion
channels, thereby affecting neuronal signaling
and differentiation in defined subsets of neurons
[4, 5]. They also play neuroprotective roles [6].
KChiIPs (KChIP 1-4) are the most divergent
subfamily and are only known to exist in
mammalian species. They were discovered as
specific regulators of a subclass of K* channels
(the A-type K" channels) that control membrane
excitability in the brain and heart. In addition,

KChIP3, which is almost identical to the Ca**-
dependent transcriptional repressor DREAM,
regulates neuronal gene expression [7]; its
involvement in Alzheimer’s diseases [8, 9] has
also been reported.

Neuronal calcium sensor-1 (NCS-1/mammalian
homolog of frequenin) appears to be an ancestor
of the larger NCS family, because it is expressed
in and has a high degree of sequence conservation
among species as diverse as yeast [10] and
humans [3]. In Drosophila melanogaster, recent
evidence indicates that frequenin is encoded by
2 genes, freql and freq2, which are 95% identical
in amino acid sequence [11, 12]. In terms of
function, NCS-1 regulates a variety of target
proteins (Table 2): phosphatidylinositol 4-kinase
- (PI-4-KB) [13], some voltage-gated ion
channels [14-17], and the D2 dopamine receptor
[18]. NCS-1 also plays an important role in
neurotransmitter release [19], both short- and
long-term synaptic plasticity [20, 21], learning
and memory [22], neuronal survival [23], and
nerve-terminal growth. NCS-1 is not only
expressed in neuronal tissue but also in the heart
[24-26], and recent evidence suggests that NCS-1
plays a crucial role in regulating immature heart
function and hypertrophy [27].

Despite high sequence similarity and similar
primary structures, NCS protein genes have
distinctive expression patterns and thus perform
distinct functions specific for the particular cell
types they are expressed in [28]. Their functions
also depend on the interacting proteins they
associate with. In this review, we have
summarized the current knowledge of NCS-1
in terms of its biochemical and biophysical
properties, targets, and various functions in
excitable tissues-especially those that have been
reported recently; we also include a discussion
on the conflicting data present in the current
literature. We also describe in detail the
physiological and pathological roles of NCS-1 in
cardiac tissues. For more detail about other
subjects regarding NCS-1 that are not covered in
this review, readers can refer to these excellent
reviews [3, 29-31].

Structure and localization of NCS-1

NCS-1 is a small (22kDa) Ca**-binding protein
containing 4 EF-hand motifs; of these, 3 (EF2-4)
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Table 1. Members of the NCS protein family and their tissue distribution.
Name of subfamily and its members Main tissue distribution
NCS-1 (neuronal Ca®* sensor-1/mammalian homolog of frequenin) Entire brain
Neuroendocrine cells
Heart
VILIPs (visinin-like proteins) Entire brain
VILIPL, VILIP2, VILIP3 /neurocalcin, hippocalcin Heart, Lung,
Pancreatic island etc..
Recoverin
GCAPs (guanylate cyclase-activating proteins) Photoreceptor cells in the
GCAP1, GCAP2, GCAP3 retina
KChlPs (potassium channel-interacting proteins) Brain
KChIP1, KChIP2, KChIP3/DREAM, KChIP4 Heart
Table 2. Target proteins and suggested cellular functions of NCS-1 in excitable cells.
Target Effects Suggested cellular functions References
proteins
« Stimulation of exocytosis in neuroendocrine cells. [13, 45-47]
« Increase in plasma membrane phosphoinositides [13, 44]
P1-4-Kp Activation « Facilitation of synaptic transmission in neurons [41, 48]
« Enhancement of glucose-induced insulin secretion in | [51]
pancreatic p cells
« Enhancement of inflammatory reactions in mast cells |[52, 53]
Activation « Increase in A-type currents in neurons,
Voltage-gated | (increases the surface cardiomyocytes and zebra fish [14, 25, 60]
Kv4 K* expression, and  Regulation of the duration, timing, and frequency of Tt
channel decreases the rate of action potential
inactivation)
« Reduction of neurite elongation in PC12 cells [62]
ibiti * Inhibition of autocrine pathway in adrenal chromaffin
Voltage-gated Inhibition colls p y [17]
Ca®* channels :
» Enhancement of neurotransmitter release [16, 63]
Activation « Activity-dependent synaptic facilitation [15]
* Enhancement of nerve-terminal growth [63]
D2 dopamine | Activation « Promotion of exploration, synaptic plasticity, rapid [21]
receptor (inhibits acquisition of spacial memory
desensitization) » Up-regulated in schizophrenia and bipolar disorder [65]
« Enhancement of Ca** -signaling, related to bipolar [71]
disorder
« Reduction of neurite outgrowth [72]
InsP. R Activation « Related to taxol-induced Ca®*-oscillation and [73-75]
ME ctivatio neuropathy
« Involved in metabotropic glutamate receptor- [76]
mediated long-term depression
» Promotes immature heart function [27]
« Regulation of cardiac hypertrophy [27]
unknown « Neuronal survival [23]
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Figure 1. Schematic structure of NCS-1.

bind to Ca?* within physiological Ca** concentration
ranges [3] (Figure 1). Bacterially expressed NCS-1
induces Ca®*-mediated large conformational changes
[32]. High-affinity Ca®* binding in vitro is
observed in this model, which reaches half-
maximal binding below 500 nM free Ca®* and
is co-operative with a Hill coefficient value of
approximately 2 [33]. Calmodulin, on the other
hand, demonstrated several-fold lower affinity for
Ca® binding. Thus, NCS-1 is able to sense small,
incremental changes in intracellular Ca** levels
within a range that would only activate a small
proportion of calmodulin.

Structurally, NCS-1 is N-terminally myristoylated,
which is critical for membrane association [32].
Based on structural and biochemical studies
performed with recoverin, one model for the Ca*'-
induced conformational change proposes that
exposure of the myristoyl group induces a “Ca**-
myristoyl switch” [34]. This model suggests that
Ca”" binding to cytosolic recoverin leads to a large
conformational change, followed by extrusion of
the myristoyl group previously buried within a
hydrophobic pocket, and finally resulting in the
translocation and myristoyl-dependent association
of Ca®-bound recoverin with the plasma
membrane. It has long been thought that NCS-1
may not possess a functional myristoyl switch
[32, 35], because NCS-1 appears to be localized
to membranes even at low Ca®* levels [32], and
NMR structural studies on NCS-1 (from budding
yeast) suggested that the myristoyl group of
the myristoylated NCS-1 remains exposed to the
solvent, regardless of Ca®* level [36]. However,
the NMR structures of Ca’*’-free myristoylated
NCS-1 homolog from fission yeast (Ncsl) was
recently compared with an Ca?*-bound Ncsl
protein that was complexed to a PI-4-Kp fragment
(one of the NCS-1 target proteins, see below)
[37]. This analysis indicates that NCS-1 also
possesses a Ca’*-myristoyl switch mechanism,
similar to recoverin [37]. In Ca®*-free Ncsi, the

N-terminal arm positions the fatty-acyl chain
inside a cavity near the C terminus. In Ca®*-bound
Ncsl, the myristoyl group is extruded (Ca®*-
myristoyl switch), exposing a prominent patch of
hydrophobic residues that specifically contact the
target protein. These authors speculated that some
results from previously studied subcellular
localization and cellular roles of NCS family
members might be misleading because they may
have been compromised by the use of tagged
derivatives that may have caused significant
structural perturbations during experimentation
[37]. Although both recoverin and NCS-1 have
the Ca’’-myristoyl switch mechanism, the
myristoylated NCS-1 structure (both Ca”*-bound
and Ca’*-unbound forms) is quite different from
those of recoverin [37]. The structural difference
in this myristoylated domain between the related
proteins is in contrast to the unmyristoylated
structures, which are all similar among NCS
proteins. These observations suggest that
myristoylation remodels NCS proteins in a way
that is unique for each individual NCS protein.
They further suggest that the Ca®*-dependent
unmasking of different residues unique to each
NCS protein may explain how each family
member can recognize distinct target proteins,
despite a high degree of sequence similarity.

Although a small amount of NCS-1 expression is
found in almost all tissues, high levels are
detected in all neuronal tissues, neuroendocrine
cells, and in the cardiac cells of the heart [3, 24,
27]. Depending on the particular cell type,
subcellular localization analysis revealed that a
large proportion of NCS-1 proteins are localized
to the membranous regions, such as the Golgi
complex [38], the Ca?*-storage organelle endoplasmic
reticulum (ER), and the plasma membrane [27,
39, 40], in addition to the cytosol. A small amount
of NCS-1 is also detected in synaptic and
secretory vesicles [40].

Target proteins and function of NCS-1 in
neuronal tissues

NCS-1 was originally identified in Drosophila
during a screen for neuronal hyper-excitability in
V7 mutants [41] that naturally overexpressed
NCS-1 protein. Indeed, NCS-1 overexpression in
Drosophila [19] and in Xenopus spinal neurons
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[42] facilitates neurotransmission. NCS-1 is also
present in adrenal chromaffin and PC12 neuro-
endocrine cells, and its overexpression has been
shown to increase Ca®*-regulated exocytosis of
growth hormones [43]. However, the mechanism(s)
by which NCS-1/frequenin regulates such vesicular
release was unclear. A wide array of binding
partners has been identified for NCS-1/frequenin;
some of them suggest possible mechanisms for
NCS-1 function on neurotransmission, exocytosis,
and modulation of membrane excitability. These
include interactions with PI-4-Kp, a voltage-gated
K* channel, several voltage-gated Ca®* channels
(P/Q and N-type), D2 dopamine receptor, inositol
1,4,5-trisphosphate receptor (InsP3R), TRPC1/5
channels, and interleukin-1 receptor accessory
protein like-1 (ILLRAPL1).

We have summarized various target proteins and
functions of NCS-1 in excitable cells in Table 2.

a) Phosphatidylinositol 4-kinase

Phosphatidylinositol 4-kinase 1l1- (PI-4K-B)
catalyzes the synthesis of phosphatidylinositol
4-phosphate, which is a late limiting step to
generate phosphatidylinositol 4,5-bisphosphate, an
important lipid regulator of several cellular
functions including intracellular vesicle trafficking,
exocytosis, and ion channel regulation. A yeast
homolog of NCS-1 was initially reported to
interact with and activate yeast Pl-4-K, both of
which are indispensable for yeast survival [10].
This interaction is also detected in neuroendocrine
PC12 cells, where it is implicated to enhance
basal and stimulated exocytosis in these cells
[13, 44-46]. Furthermore, NCS-1 overexpression
also increased membrane phosphoinositide levels
[13, 45]. Since NCS-1 enhanced the phospholipase
C-coupled  receptor agonist (UTP)-evoked
exocytosis, but not the depolarization-evoked
Ca®" responses, phospholipase C-linked receptor-
mediated Ca®" signals rather than the exocytotic
machinery itself was suggested to enhance NCS-1-
mediated exocytosis [13]. Receptor stimulation-
induced intracellular Ca?* rise was also reported to
enhance the recruitment of NCS-1 and PI-4-Kp
from the intracellular compartment toward the
plasma membrane [46], further enhancing NCS-1-
mediated exocytosis.

This NCS-1 and PI-4-KpB association was also
detected in neurons [40, 47] and was shown to

facilitate neuronal exocytosis. However, this
contradicted an earlier study reporting that no
direct interaction was detected between these two
proteins in neurons [48]. This contradiction may
be explained by the existence of newly discovered
Pl1-4-Kf regulators, calneuron-1 and calneuron-2.
While calneurons interact with PI-4-KB at low
Ca®* levels to inhibit Pl-4-KpB enzyme activity,
NCS-1 binds to PI-4-KB at high Ca®* levels to
activate it [49]. These results indicate that
calneurons and NCS-1 compete for PI-4-Kp
interaction depending upon intracellular Ca®*
levels; therefore, interactions between NCS-1 and
P1-4-KB might be difficult to detect at low
intracellular Ca** levels. Activation of P1-4-Kp by
NCS-1 was also demonstrated in other cell types:
in pancreatic beta cells, it regulates glucose-
induced insulin secretion [50]; in mast cells, it
controls regulated exocytosis and inflammatory
reactions [51, 52].

As described above, the NMR structure of Ca?'-
bound yeast NCS-1 (Ncsl) complexed to an
N-terminal yeast PI-4-K (Pikl) fragment was
recently determined. From this binding evidence,
a possible mechanism of PI-4-Kp activation by
NCS-1 was proposed [53]: in the presence of
Ca®*, Ncsl binding induces a U-shaped helix-
loop-helix structure in Pikl (amino acids 121-
174) that may permit a functional interaction
between the N-terminal lipid Kkinase unique
(LKU) motif and the C-terminal catalytic domain
of Pik1 that are both necessary for its lipid kinase
activity. The structure of the Ncs1-Pikl complex
reveals that the N-terminal myristoyl group of
Ncsl is exposed and is thus able to recruit the
Ncs1-Pikl complex to membranes. Thus, Ncsl
may activate Pikl by facilitating membrane
targeting via the exposed N-myristoyl group and
by imposing a structural transition that promotes
association of the LKU motif with the kinase
domain.

b) Voltage gated K* channel

Experiments with the NCS-1-overexpressing V7
Drosophila mutant suggested a role for NCS-1
in neurotransmission, possibly by affecting ion
channel activity [19, 54]. Indeed, we previously
demonstrated that NCS-1 is a Ca®-sensitive
regulatory component important in regulating the



104

Tomoe Y. Nakamura & Shigeo Wakabayashi

native K" current [14]. In the brain and heart,
rapidly inactivating (A-type) voltage-gated K"
currents operate at sub-threshold membrane
potentials to control the excitability of neurons
and cardiac myocytes. Although the pore-forming
alpha-subunits of these channels are thought to be
Kv4 channels [55, 56, 57], their Kinetic properties
differ significantly from native A-type currents;
therefore, Kv4 channels are thought to have
regulatory beta-subunits that may alter channel
kinetics. As one such a regulatory subunit,
KChlIPs (an NCS protein subfamily) were initially
reported to specifically interact with and modulate
Kv4.2 and Kv4.3 currents [58].

Similar to KChIPs, NCS-1 has been shown to
modulate Kv4 currents [14]; this was the first
demonstration that NCS-1 could modulate cloned
ion channels. NCS-1 increases Kv4.2 current
amplitudes, partly by enhancing surface expression
of Kv4.2 proteins. In addition, NCS-1 slows the
inactivation rate of Kv4.2 currents in a Ca®*-
dependent manner. The interaction between NCS-1
and Kv4 channels is fairly specific, as more
closely related NCS proteins, such as VILIP and
neurocalcin, had no such effect on Kv4.2 proteins.
Furthermore, NCS-1 also does not modulate
other voltage-gated rapidly inactivating currents
Kvl4 or Kv3.4. Indeed, NCS-1 and Kv4.2
channel proteins are co-immunoprecipitated and
co-localized in adult mouse brain, demonstrating
that NCS-1 is one of the regulators of A-type K*
currents in neuronal tissues. Furthermore, such
interactions were also present in pyloric neurons
in the lobster [59] and in zebra fish [60], where no
KChlIPs exist. The functional importance of this
interaction in in vivo tissues should be further
investigated, possibly using the Ncsl-knockout
mice that are now available [27].

c) Voltage-gated Ca”* channels

Numerous reports demonstrate that NCS-1
regulates voltage-gated Ca®* channel function.
However, the reported effects of NCS-1 on Ca®*
channels were diverse, with some studies showing
positive regulation and others showing negative
regulation. NCS-1 inhibits Ca** channels in the
following examples: in neuroendocrine cells such
as adrenal chromaffin cells, NCS-1 inhibits P/Q-
type Ca** channels [17, 61]; in PC12 cells, NCS-1

overexpression results in an N-type Ca®* channel
loss-of-function leading to the reduction of neurite
elongation [62]. In contrast, NCS-1 can activate
Ca®* channels, according to the following studies.
In neurons, NCS-1 was reported to mediate the
glial cell line-derived neurotrophic factor (GDNF)-
induced enhancement of neurotransmitter release
through the activation of an N-type Ca®* channel
[16]. NCS-1 also contributes to activity-dependent
synaptic facilitation by P/Q-type Ca®* channel
activation in the nerve terminal [15]. In addition,
a recent report using an NCS-1 null mutant
in Drosophila suggests that NCS-1 promotes
Ca®* entry through a functional interaction with
the alpha-subunit of voltage-gated Ca®*-channel
(but not through interaction with PI-4-K); this
interaction enhances neurotransmission and nerve-
terminal growth [63]. Overall, the mechanisms for
the diverse effects of NCS-1 on several voltage-
gated Ca®* channels are presently unknown.
However, we can speculate that NCS-1 negatively
regulates Ca** channels in neuroendocrine cells
while positively regulating the same channels in
neurons. The modulatory effects of NCS-1 are
reported to be specific for the beta-subunits of
Ca®* channels [64]. In addition, other NCS-1
interacting proteins, such as IL1RAPL1, are
reported to regulate the N-type Ca®* channel by
cooperating with NCS-1 [62]. Thus, the type of
Ca’* channel beta-subunits or other known and/or
unknown factors differentially expressed between
neuroendocrine cells and neurons may explain the
diverse effect of NCS-1 on voltage-gated Ca**
channels.

d) D2 dopamine receptor

Abnormal activity of the dopamine system has
been implicated in several psychiatric and
neurological illnesses. Studies suggest that
dopamine transmission is regulated via dopamine
receptor-interacting proteins (DRIPs), which
includes NCS-1, calcyon, and DARPP-32. NCS-1
has been found to interact with D2 dopamine
receptor, reducing D2 receptor phosphorylation
and attenuating  agonist-induced  receptor
internalization [18]. Thus NCS-1 preserves the D2
receptor signaling. Subsequently, NCS-1 was
reported to be upregulated in the prefrontal cortex
of schizophrenic and bipolar patients [65, 66].
Since the levels of other DRIP members were also
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altered in schizophrenic patients (calcyon was
increased [66] whereas DARPP-32 was decreased
[67]), DRIP signaling is suggested to be involved
in psychiatric illness. Indeed, modest over-
expression of NCS-1 in the adult murine dentate
gyrus promotes exploration, synaptic plasticity,
and rapid acquisition of spatial memory. All these
effects are reversed by a cell-permeant peptide
(DNIP) designed to interfere with NCS-1 binding
to the D2 receptor. These results demonstrate that
NCS-1 interaction with D2 receptor plays a role
in the synaptic plasticity of the dentate gyrus [21].
However, several reports demonstrated that
typical or atypical anti-psychotics had no effect
on the NCS-1 or DARPP-32 expression levels,
either in the rat brain [67] or in PC12 cells
overexpressing NCS-1 [68]. These results suggest
that the altered levels of DRIPs observed in the
prefrontal cortex of schizophrenic patients is not
related to anti-psychotic treatment, but may
instead be related to psychopathology. Recent
biochemical analysis using NMR or fluorescence
anisotropy further support the specific interaction
between NCS-1 and D2 dopamine receptor; a
short 16-residue C-terminus of D2 receptor binds
to NCS-1 [69], and the first 60 residues of NCS-1
binds to the D2 receptor [70] (although the data
measuring binding stoichiometry between these
two proteins is conflicting). Knowledge of these
interaction domains may present a targeting
opportunity in the future to screen for drugs that
can specifically block the interaction between
NCS-1 and the D2 receptor.

e) Inositol 1,4,5-trisphosphate receptor (InsP;R)

Regulation and dysregulation of intracellular Ca®*
signaling via InsPsR has been linked to many
cellular processes and pathological conditions.
NCS-1 immunoprecipitated and co-localized with
InsP3;R1 in the rat brain, as well as enhanced the
Ca®*-signaling in intact cells. Indeed, addition of
NCS-1 to purified InsP;R1 in the lipid bilayer
increased InsP3R channel activity in both a Ca?*-
and InsPs;-dependent manner [71]. These results
indicate that NCS-1 directly promotes the activity
of InsP3R channels and enhances InsPz-dependent
Ca”*-signaling. Since lithium inhibited the
enhancing effect of NCS-1 on InsPsR1 function,
and we know that lithium is widely used for

treatment of bipolar disorders, the InsP;R1/NCS-1
interaction has been suggested to be an essential
pathomechanism component of bipolar disorder
[71]. Previous studies demonstrated that NCS-1
was distributed throughout the growth cone region
located at the neurites in cultured chick neurons; it
also co-localized with InsPsR1 in these cells. Both
pharmacological inhibition of InsPsR and loss of
NCS-1 function in the growth cone inhibited
neurite outgrowth, suggesting a functional link
between the NCS-1 and InsPs;R interaction and
its involvement in neurite outgrowth [72]. The
importance of the NCS-1/InsPs;R interaction in
neuropathy was also suggested in a report
investigating the mechanism behind the side
effects experienced with paclitaxel (taxol) treatment,
a microtubule-stabilizing chemotherapeutic agent
used to treat solid cancers [73-75]. Taxol interacts
with NCS-1; acute application of taxol increases
NCS-1 binding to InsPsR and induces Ca®*-
oscillation in a neuronal cell line, which is
independent of taxol’s microtubule-stabilizing
effect [73]. In contrast, prolonged exposure to
taxol activates calpain, which leads to the NCS-1
degradation, particularly at the N-terminal pseudo
EF hand domain; in turn, this calpain-induced
degradation attenuates  InsP;-mediated  Ca®*
signaling [74, 75]. These results provide a
previously undescribed approach to understanding
and treating taxol-induced peripheral neuropathy.
Furthermore, the important role of NCS-1 and
InsP; in metabotropic glutamate receptor-mediated
long-term depression (LTD) was also reported
[76].

f) TRPC5

NCS-1 also interacts with the C-terminal part of
the transient receptor potential channel TRPC5.
NCS-1 has positive impacts on TRPCS5, thus also
positively impacting Ca*" influx [77]. Although
this interaction stimulates Ca”" influx, it inhibits
neurite outgrowth, which is consistent with
previous reports for both TRPC5 [78] and NCS-1
[79].

NCS-1 as a survival factor in neurons

NCS-1 also has an important role in neuronal
survival, especially under stressed conditions
[23]. Numerous stressors, including physical or
chemical injury and genetic abnormalities, lead to
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neuronal degeneration. This may underlie many
human neurodegenerative disorders, such as
Alzheimer’s and Parkinson’s disease. Several
intrinsic and extrinsic factors, including neurotrophic
factors, can activate the antiapoptotic process to
rescue neurons from death under these conditions.
However, the signaling pathway leading to cell
survival is not yet completely understood.

While NCS-1 overexpression rendered cultured
neurons more tolerant to cell death induced by
several kinds of stressors, such as oxidative stress
and trophic factor withdrawal, the dominant-
negative EF-hand mutant (E120Q) accelerated the
cell death, suggesting that endogenous NCS-1 is
important for the survival of cultured neurons.
These results further suggest that Ca®* binding
is required for NCS-1-mediated cell survival.
In addition, NCS-1 proteins increased upon
neurotrophic factor GDNF treatment and mediated
GDNF survival signals in an Akt-dependent
manner. Furthermore, NCS-1 is significantly
upregulated in the affected neurons of adult rats in
response to axotomy-induced injury in vivo, and
adenoviral overexpression of E120Q resulted in a
significant loss of surviving neurons, suggesting
that NCS-1 is involved in an antiapoptotic
mechanism in adult motor neurons. Based on
these results, NCS-1 has been proposed to be a
novel survival-promoting factor, upregulated in
injured neurons, which mediates the GDNF
survival signal via the phosphatidylinositol-3-
kinase (PI-3-K)-Akt pathway [23].

Although the precise mechanism underlying the
NCS-1-mediated neuronal survival is presently
unknown, possible target proteins are suggested. Since
NCS-1 activates PI-4-Kp, which could increase
the phospholipid level of phosphatidylinositol 4-
phosphate, leading to production of the PI-3-K
substrates phosphatidylinositol 3,4-bisphosphate
and phosphatidylinositol 3,4,5-triphosphate. These
substrates can then activate the P1-3-K/Akt pathway
for survival. Another possible mechanism could
involve NCS-1’s ability to activate voltage-gated
K* channels [14]. In this scenario, NCS-1-induced
increase of outward K* current would prevent
neurons from reaching their firing threshold
and thereby prevent the Ca®* overload that
normally leads to cell death. It is also interesting
to note that another closely related Ca*-sensor,

hippocalcin, protects neurons against Ca**-induced
cell death [6] by interacting with neuronal
apoptosis inhibitory protein (NAIP) and preventing
apoptosis partly through inhibiting caspase
activation. Since NAIP is upregulated by GDNF
and is thought to be essential for GDNF-mediated
neuroprotective effects in injured neurons in vivo
[80], a similar mechanism might exist between
the analogous NCS-1- and hippocalcin-mediated
neuronal survival mechanisms.

NCS-1 roles in heart

Although NCS-1 is expressed at high levels in
neurons and neuroendocrine cells (which explains
the origin of the name “neuronal calcium sensor-
1”), we and others detected that NCS-1 is also
expressed in the heart. It is expressed at especially
high levels in immature-stage cardiomyocytes
[24, 27]. As demonstrated in neurons [14], NCS-1
interacts with the voltage-gated K* channel Kv4,
one of molecular components of the transient
outward K" currents (l,) in adult mouse
ventricular cells [25]. Co-expression studies in
HEK?293 cells revealed that NCS-1 increases both
membrane expressions of Kv4 channel proteins
and functional Kv4-encoded K* current densities.
It also decreases the inactivation rate of Kv4 K*
currents. Based on these results, NCS-1 is
suggested to be another regulator of Iy, in the
heart, in addition to KChIPs are. The relationship
between NCS-1 and KChiIPs for modulation of
Kv4 channels in vivo should be investigated.

In addition, NCS-1 is reported to be contribute to
taxol-induced cardiac arrhythmia [26], based on
the following evidence. Taxol is used for cancer
chemotherapy but is known to have serious side
effects, including cardiac arrhythmia. As described
above, taxol is also a binding partner of NCS-1
[73]. Treatment of cardiomyocytes with taxol
increases the spontaneous calcium oscillation
frequency in an InsP3R-dependent manner. Since
NCS-1linteracts with cardiac IP3Rs, it is suggested
that taxol-induced calcium oscillation occurs by a
mechanism involving NCS-1-mediated activation
of InsPsR [26].

Despite the above findings, little evidence was
available to support the physiological and
pathological roles of NCS-1 in cardiac functions



Functions of NCS-1 in excitable cells

107

X

¢
g o
<« ¢ 1w 2w 3w 1m 2m

NCS-1 |‘- P —

B Hormones/stress

8-
8-

[ NCS-11 1P, receptor |

$

@

Global Ca?* |

V4

Contraction
in immature heart

|

a positive regulator of

Ca?*-dependent
hypertrophic signals

Hypertrophy
(in adults)

Figure 2. Role of NCS-1 in the regulation of immature heart contraction and hypertrophy.

A: Western blot showing that the expression level of NCS-1 is higher in the immature heart compared to that
in adult heart. B: NCS-1-1P3R interaction increases local Ca®* signals, which serves as a Ca** source for the
activation of CaMKII. This leads to a higher rate of SR Ca®* pumping and release and induces global Ca**
signaling, thus promoting contraction in immature hearts. Increase of local Ca** signals also activates some
Ca**-dependent hypertrophic signals and promotes hypertrophy.

until recently, possibly because its expression is
relatively low in the adult heart. Since high
expression levels of NCS-1 were previously
detected in immature hearts [24] and hypertrophic
hearts (unpublished observation) that were
comparable to the levels in neurons, NCS-1 was
hypothesized to have a specific role in cardiac
function, particularly at the immature stage and
during progression of hypertrophy. To test these
hypotheses, our group recently identified NCS-1
function in the heart by characterizing Ncsl-
knockout (Ncs1 ") mice [27]. Ncs1 ™™ mice had a
high mortality rate at the neonatal stage (30% of
the pups died within 4 days after birth), and the
surviving mice had considerably diminished
ventricular function at a young age (2 weeks of
age), but not in the adult (6 weeks of age or
older). Intracellular Ca®* levels and sarcoplasmic
reticulum Ca?* content were significantly lower in
Ncs1™ myocytes than in wild-type cells. In the
neonatal mouse heart, the structure and function
of sarcoplasmic reticulum (SR) is immature;
nonetheless, it is considered a primary source of

Ca®* necessary for muscle contraction, suggesting
the existence of factors missing at this
developmental time point that promote SR-
dependent excitation-contraction coupling in the
postnatal stages. We found that NCS-1 interacted
with InsPsR in the hearts and increased InsPs;R-
dependent Ca?* signaling. This local Ca*
increment then activated Ca*/calmodulin-dependent
protein Kinase Il (CaMKII)-dependent pathways,
which phosphorylated phospholamban, a regulator
of the SR Ca®* pump, and resulted in a large
increase in the SR Ca®* content. This increased
global Ca®*-signals and consequently promoted
contraction in young hearts (Figure 2). The
importance of NCS-1, InsP;Rs and CaMKII
in immature hearts was demonstrated by the
observation that all these three proteins are
expressed at high levels in young hearts. In
addition, NCS-1 expression increased during the
early stages of hypertrophy in the adult heart and
promoted progression of hypertrophy, at least in
part, through IPs;R activation (Figure 2). These
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results demonstrate that NCS-1 is a novel
regulator of immature heart contraction and of
hypertrophy in adult hearts. Our results also
reveal a previously unrecognized mechanism of
excitation-contraction coupling in young hearts as
well as another regulatory mechanism for the
progression of receptor stimulation-elicited
cardiac hypertrophy.

CONCLUSION

In this review, we summarized the most recent
advances in the structure, function, and
physiological roles of NCS-1. NCS-1 is a Ca**-
dependent signal mediator that regulates a variety
of target proteins, such as enzymes and ion
channels, likely via a Ca®*-myristoyl switch
mechanism. A recent advance in the NCS-1 field
demonstrates the importance of NCS-1 on
immature and hypertrophic adult heart function,
as NCS-1 gene disruption resulted in reduced
contractile activity in immature hearts and
abrogated hormone-induced cardiac remodeling.
Further elucidation of the physiological roles of
NCS-1 in other excitable tissues will likely be
revealed using Ncsl-knockout mice in future
studies. Given the discovery of multiple
interacting proteins of NCS-1, the therapeutic
potential of developing strategies to specifically
block the interaction between NCS-1 and its
relevant target proteins is high. We hope that
this review will provide thought-provoking
opportunities and compel our readers to ask more
questions and extend their studies on NCS-1 and
other important regulatory proteins.
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