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Recent evidence shows that the auxiliary subunit KChIP2, which assembles with pore-forming Kv4-
subunits, represents a new potential regulator of the cardiac calcium-independent transient outward
potassium current (Ito) density. In hypertrophy and heart failure, KChIP2 expression has been found to
be significantly decreased. Our aim was to examine the role of KChIP2 in cardiac hypertrophy and the
effect of restoring its expression on electrical remodeling and cardiac mechanical function using a
combination of molecular, biochemical and gene targeting approaches. KChIP2 overexpression through
gene transfer of Ad.KChIP2 in neonatal cardiomyocytes resulted in a significant increase in Ito-channel
forming Kv4.2 and Kv4.3 protein levels. In vivo gene transfer of KChIP2 in aortic banded adult rats
showed that, compared to sham-operated or Ad.β-gal-transduced hearts, KChIP2 significantly attenuated
the developed left ventricular hypertrophy, robustly increased Ito densities, shortened action potential
duration, and significantly altered myocyte mechanics by shortening contraction amplitudes and
maximal rates of contraction and relaxation velocities and decreasing Ca2+ transients. Interestingly,
blocking Ito with 4-aminopyridine in KChIP2-overexpressing adult cardiomyocytes significantly increased
the Ca2+ transients to control levels. One-day-old rat pups intracardially transduced with KChIP2 for
two months then subjected to aortic banding for 6–8 weeks (to induce hypertrophy) showed similar
echocardiographic, electrical and mechanical remodeling parameters. In addition, in cultured adult
cardiomyocytes, KChIP2 overexpression increased the expression of Ca2+-ATPase (SERCA2a) and sodium
calcium exchanger but had no effect on ryanodine receptor 2 or phospholamban expression. In neonatal
myocytes, KChIP2 notably reversed Ang II-induced hypertrophic changes in protein synthesis and MAP-
kinase activation. It also significantly decreased calcineurin expression, NFATc1 expression and nuclear
translocation and its downstream target, MCiP1.4. Altogether, these data show that KChIP2 can
attenuate cardiac hypertrophy possibly through modulation of intracellular calcium concentration and
calcineurin/NFAT pathway.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Reduction of the calcium-independent transient outward potassi-
um current (Ito) and prolongation of the action potential duration
(APD) are consistently observed in experimental animal models of
cardiac hypertrophy and failure and human heart failure [1-3]. In
hypertrophied myocytes Ito is decreased secondary to reductions in
the expression of Kv4.2 and Kv4.3 potassium channel genes [4,5].
More recently an emerging role for the Ca2+-binding protein Kv
Channel-Interacting Proteins (KChIP), which is widely expressed in
neuronal and cardiac tissues [6], has been demonstrated. These
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subunits were found to interact with and modulate the activity of
Kv4.2 and Kv4.3 channels [6]. A total of four KChIP isoforms have been
discovered with KChIP2 being the only isoform expressed in the heart
[6]. KChIP2 has been reported, in multicellular preparations, to
increase Ito magnitude more than eight-fold by enhancing the
trafficking of channels from the endoplasmic reticulum to the plasma
membrane, to shift the voltage dependence of activation to more
negative potentials, and to slow the rate of inactivation and speed
recovery from inactivation of Kv4x channels [6-12]. Furthermore,
KChIP2 has been shown to modulate Kv1.5 expression [13] and
cardiac L-type calcium current [14].

The role of KChIP2 in normal development and hypertrophy is
emerging. In hypertrophy and heart failure, KChIP2 expression has
been found to be significantly decreased [9,15]. Interestingly, reduced
expression of KChIP2 has been reported to be responsible for the
hts reserved.
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reduction in Ito noted in human heart failure and in a rodent model of
hypertrophy and heart failure [9,15]. In fact, KChIP2 was shown to be
important for the expression of Ito in the human heart [16] and
deficiency of KChIP2 in mice was associated with a complete loss of Ito
and increased susceptibility to ventricular arrhythmias [9] although
no obvious structural abnormalities were present. Recently, it was
reported that KChIP2 modulates the Ca2+ cardiac current [14] and
post-transcriptional silencing of KChIP2 decreased Kv and Nav
currents [6,17], suggesting a broad physiological role of KChIP2 in
cardiac electrophysiology. We sought in this study to examine the
effects of restoration of KChIP2 expression in hypertrophied and
failing cardiomyocytes on electrical remodeling, cardiac mechanical
function and stress pathways in response to cardiac hypertrophy in
vitro and in vivo using a combination of molecular, biochemical and
gene transfer approaches.

2. Materials and methods

All animal procedures were performed with the approval of IACUC
at Mount Sinai School of Medicine and in accordance with the NIH's
Guide for the Care and Use of Laboratory Animals. The methods used
in this study are detailed in the online data supplement.
Fig. 1. KChIP2 increases Kv4.2 and Kv4.3 expression. Representative immunoblots of indivi
adult myocytes(A); the expression of Kv4.2 and Kv4.3 is increased following KChIP2 overexp
(66 and ∼45/50 kDa). Protein expression was normalized to GAPDH. Bar graphs of fold
quantification of mRNA expression of Kv4.2, Kv4.3 and Kv1.4 normalized to GAPDH mRNA
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3. Results

3.1. KChIP2 overexpression can quantitatively increase Ito-encoding
channel proteins

Before we begin to address the effects of KChIP2 on Kv4 channels,
we first examined the protein expression patterns of KChIP2 in
cardiomyocytes isolated from neonatal and adult rat hearts. Protein
expression of KChIP2, determined by immunoblotting, showed that it
is abundantly expressed in adult hearts but expressed at low levels in
pooled hearts from one day-old rat pups (Fig. 1A). This preferential
myocardial expression of KChIP2 in adulthood suggests it may play a
physiological role in the myocardium.

We next measured channel protein (Kv4.2, Kv4.3 and Kv1.4)
expression by immunoblotting analysis. KChIP2 overexpression
through gene transfer of Ad.KChIP2 in neonatal cardiomyocytes for
36 hours resulted in a significant increase in Kv4.2 protein with an
apparent mass of 66 kDa (Fig. 1B). The expression of Kv4.3 was also
increased, however, two distinct populations of Kv4.3 protein, at 45–
50 and 66 kDa, were detected (Fig. 1B). The 66 kDa form is similar to
the Mr of the native rat heart Kv4.3, however, the nature of the 45–
50 kDa band remains unknown. It could be an accelerated protein
dual experiments showing neonatal rat myocytes express far less KChIP2 compared to
ression in neonatal myocytes compared to β-gal (B). Kv4.3 induction shows two bands
change in the protein levels are shown in (C). (D) Representative RT-PCR and (E)
(n=4). Data from 3 to 4 experiments.#,⁎Pb0.05 Ad.KChIP2 vs. Ad.β-gal.
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degradation of Kv4.3 subunit due to failure of trafficking to the cell
membrane or may represent an immature form of Kv4.3 since pre-
incubation of anti-Kv4.3 antibody with a Kv4.3 peptide significantly
eliminated this band (not shown). KChIP2 overexpression, on the
other hand, did not affect the expression profile of Kv1.4 (not shown).
Quantitative analysis of three to four determinations is depicted in Fig.
1C. Measurement of transcript levels (Fig. 1D) showed that KChIP2
overexpression, similar to its effect on protein expression, signifi-
cantly increased the mRNA expression of Kv4.2 and Kv4.3 but had to
effect on Kv1.4 mRNA expression (Fig. 1E). These data suggest that
KChIP2 might be involved not only in the augmentation of Ito-based
channel subunits trafficking to the plasma membrane but also in
modulating their protein synthesis.

3.2. In vitro KChIP2 overexpression increases Ito current density in
neonatal cardiomyocytes

In order to test if the observed increase in Kv4.2/3 protein levels
correlateswith an elevation in current density, we examined the effect
of KChIP2 overexpression on action potentials. Ito densities recorded in
isolated myocytes infected with Ad.β-gal (12.9±2.1 pA/pF n=10)
were to some extent comparable to control non-infected myocytes
(15.6±3.40 pA/pF n=12, Pb0.05 at +60 mV). Overexpression of
KChIP2 resulted in significantly greater Ito densities (52.3±2.9 pA/pF,
n=12) compared to control or myocytes infected with Ad.β-gal.

3.3. In vivo cardiac function following acute overexpression of KChIP2

We evaluated the in vivo effect of KChIP2 on cardiac function in
adult rats subjected to severe stenosis of the ascending aorta
(∼85 mm Hg). Banded animals were simultaneously infected with
Ad.β-gal or Ad.KChIP2. Eight days after surgery/infection, echocardi-
ography was performed at baseline and following gene transfer of
KChIP2. Myocytes were dispersed from the left ventricular wall and
mechanical parameters and electrophysiological recordings (i.e.
patch-clamp) were determined.

We have also performed chronic studies (14–16 weeks) and
compared the data obtained to the short-term (acute) findings. These
data are detailed in the accompanying online data supplement.

3.3.1. In vivo echocardiographic measurements following KChIP2
over-expression

A pronounced left ventricular hypertrophy developed in banded
hearts transduced with Ad.β-gal with a significant increase in heart
weight/body weight ratio (Table 1). Left ventricular posterior wall
thickness (LVPWd, 2.52±0.41 mm; LVPWs, 4.52±0.37 mm) has
increased significantly compared with sham (2.07±0.22 mm; 3.85±
0.33 mm; Pb0.01, n=8). There were also significant increases in
interventricular septal and anterior wall thicknesses (Supplement
Table I). However, hypertrophy was not seen in banded hearts
transduced with Ad. KChIP2. Left ventricular posterior wall thickness
(LVPWd, 2.1±0.2 mm; LVPWs, 3.8±0.39 mm) was significantly
restored to normal values compared to Ad.β-gal transduced hearts
(Pb0.01, n=8) (Supplement Table I). However, KChIP2 did not
significantly alter these parameters when transduced into non-
banded sham animals (Supplement Table I).
Table 1
Summary of electrical remodeling parameters in rats subjected to 8 days aortic-banding an

Sham

HW/BW (mg/g) 3.33±0.22 (8)
Capacitance (pF) 131.03±9.97 (15)
APD50 (ms) 14.73±7.97 (20)
APD90 (ms) 46.50±5.9 (20)
Ito density at 60 mV(pA/pF) 25.0±2.3 (15)

⁎Pb0.05 KChIP2 vs. Sham; ⁎⁎Pb0.01 β-gal vs. sham; ^^Pb0.01 KChIP2 vs. β-gal.
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3.4. In vivo effect of KChIP2 overexpression on Ito density and action
potential duration

Ito density was decreased in myocytes isolated from banded hearts
infected with Ad.β-gal (18.9±2.5 pA/pF n=25) compared to
myocytes derived from sham hearts (25.6±2.30 pA/pF n=15,
Pb0.01 at +60 mV) (Fig. 2). Overexpression of KChIP2 produced
increased Ito densities (54.1±6.5 pA/pF, Pb0.01, n=15) which were
significantly larger compared to myocytes from banded hearts
infected with Ad.β-gal or sham myocytes (Figs. 2A, B).

We also anticipated that augmentation of Ito densitywould shorten
the APD. Aortic banding caused a significant prolongation of APD50
(50% repolarization) as well as APD90 (90% repolarization) compared
to sham-operated controls (Table 1). Expression of KChIP2 signifi-
cantly shortened APD at 50% and 90% in myocytes from banded hearts
infected with KChIP2 compared to myocytes from banded hearts
infected with Ad.β-gal (Table 1). Fig. 2C shows typical APs recorded in
myocytes from sham or banded rats infected with Ad.β-gal or Ad.
KChIP2. Interestingly, the increase in Ito densitymirrors the increase in
KChIP2, Kv4.2 and Kv4.3 protein (Figs. 2D, E) as well as mRNA
expression (Supplement Fig. 1) in vivo. These data demonstrate that in
vivo adenoviral gene transfer of KChIP2 can specifically increase the
expression of Kv4.2/3 proteins and Ito density and shorten APD over
and above levels observed in sham-operated animals.

3.4.1. Effects of KChIP2on cell contractility and intracellular Ca2+ transients
Since impaired contractility has been associated with cardiac

hypertrophy and heart failure, we decided to examine whether
KChIP2 had any effect on cardiomyocyte contractility and Ca2+

handling. Contractility and Ca2+ transient measurements were
obtained in the presence of increasing amount of Ca2+ in cardiomyo-
cytes isolated from hearts infected with Ad.β-gal or Ad.KChIP2.
Recordings from cardiomyocytes isolated from banded hearts infected
with Ad.β-gal show that aortic banding was associated with increases
in peak calcium and cell shortening parameters compared to sham
hearts. Overexpression of KChIP2 markedly attenuated the displayed
enhancement in contractility (Fig. 3A), rates of cell shortening (Fig.
3B) and relengthening (Fig. 3C), and Ca2+ transients (Fig. 3D) seen
with Ad.β-gal-banded hearts.

3.5. Effects of KChIP2 on Ca2+ handling

In addition to the observed effect of KChIP2 on APDwhich has been
postulated to significantly determine the amount of inward Ca2+ flux
through L-type voltage-dependent Ca2+ channels, we sought to
examine its effect on a number of intracellular Ca2+ regulatory
proteins. Cultured adult cardiomyocytes infected with Ad.KChIP2
showed increased KChIP2 expression and led to significant increases
in SERCA2a and sarcolemmal Na+–Ca2+ exchanger (NCX) protein
expression compared with cardiomyocytes expressing β-gal, but had
no noticeable effect on the expression of ryanodine receptor 2 (RyR2)
or phospholamban (PLB) (Fig. 4A). The quantitative analysis of these
determinations is depicted in Fig. 4B. Interestingly, blocking Ito with
4-aminopyridine in KChIP2-overexpressing adult cardiomyocytes
significantly increased the Ca2+ transients to approximately control
levels (Fig. 4C). Our observations are of interest since they show that
d simultaneously injected with adenoviruses.

Banded+β-gal Banded+KChIP2

4.27±0.34 (8)⁎⁎ 3.51±0.42 (8)^^
191.53±23.49 (25)⁎⁎ 136.4±16.53 (15)^^
24.75±11.49 (18)⁎⁎ 9.76±4.22 (18)⁎^^
67.51±13.97 (18)⁎⁎ 32.27±8.79 (18)⁎^^
16.1±2.1 (25)⁎⁎ 54.1±6.5 (15)⁎^^
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Fig. 3. In vivo KChIP2 expression alters cardiomyocyte mechanics. KChIP2 effects on cardiomyocyte contractility and Ca2+ transients were determined in cardiomyocytes isolated
from banded hearts infected with β-gal or KChIP2 in the presence of 1–10 mM Ca2+ compared to sham hearts, overexpression of KChIP2 significantly decreased cell shortening (A,
n=25), velocities of contraction (B, n=25) and relaxation (C, n=25) and induced shorter Ca2+ amplitudes (D, n=21) compared to β-gal (data shown at 4 mM Ca2+). ⁎Pb0.01
Ad.β-gal vs. Sham; §Pb0.04, Ad.KChIP2 vs. Ad.β-gal.
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KChIP2 can modulate the intracellular Ca2+ content by different
mechanisms, through the reduction of APD and the regulation of Ca2+

cycling proteins (i.e. NCX and possibly SERCA2a).

3.6. KChIP2 modulation of hypertrophy markers

3.6.1. Protein synthesis
As a major marker of the hypertrophic response, we examined

protein synthesis in the presence and absence of the stimulant
angiotensin (Ang) II in neonatal rat ventricular myocytes (NRVM).
Ang II induced a marked increase in [3H]-Leucine incorporation (4.18
folds, Pb0.001) compared to control cells. However, the Ang II-
induced increase in [3H]-Leucine incorporation was significantly
inhibited (a 7.80 fold decrease compared to control, Pb0.0001) in
cells infected with Ad.KChIP2 (Fig. 5). Such an effect was not due to
infection with the virus alone since infection with Ad.β-gal has
slightly blocked Ang II-induced [3H]-Leucine incorporation (Fig. 5).

3.6.2. Effect of KChIP2 expression on Calcineurin/NFAT pathway
We sought to determinewhether the calcineurin–NFAT pathway is

involved in the KChIP2-induced abrogation of myocyte hypertrophy
since this signaling pathway is well established in the regulation of
cardiac hypertrophy. Neonatal rat ventricular myocytes (NRVM)were
infected with Ad.KChIP2 or Ad.β-gal in the presence or absence of Ang
II. As shown in Fig. 6A, Ang II increased NFATc1 expression in control
Fig. 2. In vivo acute KChIP2 overexpression reverses hypertrophy-induced electrical remo
relationships of Ito (B) recorded from sham or banded hearts infected with β-gal or KChIP2
Ad.β-gal, Pb00.1. (C) Representative AP traces from sham or banded hearts infected with β-g
There are no significant different among the sham (−79.1+8.4 mV, n=20) β-gal gr
Representative immunoblots of KChIP2, Kv4.2 and Kv4.3 expression in the above hearts with
(E). GAPDH levels are shown to verify protein loading and used to normalize the expressio
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non-infected or Ad.β-gal-infected NRVM. In contrast, expression of
Ad.KChIP2 markedly reduced the observed Ang II-induced NFATc1.
Interestingly, even in the absence of Ang II stimulation, KChiP2
substantially reduced the basal level of NFATc1 expression. Likewise,
the expression of calcineurin was also significantly decreased by
KChIP2 overexpression (Fig. 6A) compared to controls. Quantitative
analysis of three to four separate determinations is depicted in Fig. 6B.
Furthermore, the abrogation of Ang II-induced NFATc1 activity by
KChIP2 transgene was confirmed by examining the nuclear-cytoplas-
mic translocation of NFATc1 using immunofluorescence, by NFAT-
luciferase assay, and by MCiP1.4 expression. Ang II stimulation
promoted clear and sustained nuclear localization of NFATc1 (Fig.
6C) in cardiomyocytes, which was substantially blocked by KChIP2
overexpression or by the highly selective inhibitor of calcineurin/
NFAT, VIVIT (Fig. 6C). KChIP2 has also significantly reduced NFAT-
luciferase (both at base line and following AngII stimulation) (Fig. 6D)
and decreased MCiP1.4 expression, a bona fide NFAT downstream
target gene (Fig. 6E). These data indicate that KChIP2 can target the
calcineurin/NFAT signaling and modulate the hypertrophic response
through this pathway.

3.6.3. Effect of KChIP2 expression on MAP kinases activation
In attempting to determine the mechanism by which KChIP2

regulates Ang II-induced cardiac myocyte hypertrophy, we sought to
examine the activities of the stress-activated MAP kinases (p38, JNK
deling. Representative whole-cell outward currents (A) and average current-voltage
for 8 days. Data points are means±SEM; Sham vs. Ad.KChIP2, Pb0.05; Ad.KChIP2 vs.
al or KChIP2. Zero current potential of single myocytes ranged between−76 to 83 mV.
oups (−76.1+6.2 mV, n=18) and KChIP2 groups (−77.8+4.8 mV, n=18). (D)
summarized quantitative data (±SEM) of the relative protein density in arbitrary units
n levels.
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Fig. 4. KChIP2 regulation of calcium cycling proteins and intracellular Ca2+. The effect of KChIP2 on the expression of major Ca2+ cycling proteins were examined by immunoblot
analysis in isolated adult cardiomyocytes infected with Ad.β-gal or Ad.KChIP2. (A) Western blots of myocyte lysates demonstrating expression of KChIP2, Serca2a, phospholamban
(PLB), Na+–Ca2+ exchanger (NCX), and ryanodine receptor 2 (RyR2). GAPDH, an internal loading control, is used to normalize protein expression. (B) Densitometric analysis of
mean data (±SEM). (C) Histogram comparing mean (±SEM) Ca2+ ratio determined between β-gal- and KChIP2-infected cardiomyocytes in the absence or presence of 4 mM 4-
aminopyridine (4-AP). Blocking Ito with 4-AP in KChIP2-overexpressing adult cardiomyocytes significantly increased the Ca2+ transients. ⁎Pb0.05 Ad.KChIP2 vs. Ad.β-gal;
#Pb0.0001 Ad.KChIP2 vs. Ad.β-gal, n=12; §Pb0.001 Ad.KChIP2 vs. Ad.KChIP2+4-AP, n=15.
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and ERK), since they play a central role in the cardiomyocyte growth
response. Following Ang II induction of neonatal myocytes, ERK1/2
phosphorylation was increased by 2.5-fold in Ad.β-gal-infected
Fig. 5. KChIP2 inhibits protein synthesis. The effects of KChIP2 on protein synthesis
were evaluated by measuring the rate of 3H-Leucine incorporation in neonatal
myocytes uninfected (control) or infected with Ad.β-gal or Ad.KChIP2 in the absence
(−) or presence (+) of Ang II stimulation (1 μM). KChIP2 overexpression significantly
blocked the pronounced increase in Ang II-induced 3H-Leucine incorporation. Data
from five individual experiments are shown. ⁎Pb0.001 Cont+AngII vs. Cont; #Pb0.01
Ad.β-gal+Ang II vs. Ad.β-gal; §Pb0.01 Ad.KChIP2+AngII vs. Ad.β-gal+AngII.
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myocytes (n=6, Pb0.0001), as identified by quantitative immuno-
blotting analysis using phospho-specific anti-ERK1/2 (Fig. 7A). In
contrast, expression of Ad.KChIP2 markedly reduced Ang II-induced
ERK1/2 phosphorylation by 4.5-fold (n=6, Pb0.0001) (Fig. 7A).
Interestingly, KChIP2 overexpression has also significantly reduced
(3-fold, Pb0.05) ERK phosphorylation at basal state in the absence of
Ang II stimulation.

Ang II has also stimulated the activity of JNK as its phosphorylation
levels were markedly increase (3-fold, Pb0.001) in myocytes infected
with Ad.β-gal. Similar to the ERK pathway, we found significant
inactivation of JNK after infection with Ad.KChIP2 (3.5-fold decrease
compared to Ad.β-gal, Pb0.02) (Fig. 7B). In the absence of Ang II,
KChIP2 was also able to induce a moderate decrease in JNK activity
(1.5-fold compared to Ad.β-gal) (Fig. 7B). KChIP2 induced a minor
insignificant change in the activity of p38 MAPkinase (not shown). It
is interesting to note that the ERK and JNK signaling pathways
modulated by KChIP2 in this study were also found to regulate KChIP2
expression [18].

4. Discussion

Prolongation of APD is consistently observed in experimental
models of cardiac hypertrophy and failure and is attributed to a
reduction in Ito [2,19-21]. Down-regulation of Ito density is also one of
the most consistent features in electrophysiological remodeling
ophy through regulation of Ito and intracellular calcium signaling, J
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Fig. 6. KChIP2 inhibits calcineurin/NFAT pathway. The effect of KChIP2 on NFATc1 and
calcineurin expression (A) was evaluated by Western blotting in neonatal myocytes
infected with Ad.β-gal or Ad.KChIP2 (MOI 60) in the presence (+) or absence (−) of
Ang II. (B) Quantitative analysis of mean data (±SEM) of 3 to 4 independent
experiments. GAPDH, an internal loading control, is used to normalize protein
expression. ⁎Pb0.05 Cont+AngII vs. Cont; #Pb0.01 Ad.β-gal+Ang II vs. Ad.β-gal;
#Pb0.01 Ad.KChIP2 vs. Ad.β-gal. (C) Control NRVMnon-infected or NRVM infected with
Ad.β-gal, Ad.VIVIT (a calcineurin/NFAT-specific inhibitor) or Ad.KChIP2 were stimu-
lated with Ang II (+) for 30 min and analyzed for NFATc1 translocation. Myocyte nuclei
are visualized with DAPI staining. (D) NFAT-luciferase activity was measured in NRVM
infected with Ad.β-gal, Ad.KChIP2 or Ad.VIVIT in the absence (−) or presence (+) of
Ang II (1 μM for 24 hours). Data were normalized to unstimulated β-gal (−AngII).
⁎P=0.021 Ad.KChIP2+AngII vs. Ad.β-gal+AngII; #P=0.014 Ad.VIVIT+AngII vs.
Ad.β-gal+AngII. (E) MCiP1.4 mRNA expression was determined by real time-PCR and
normalized against GAPDH mRNA in control NRVM and NRVM infected with Ad.β-gal
or Ad.KChIP2 and cultured in serum-free medium in the absence (−) or presence (+)
of Ang II (1 μM for 24 h). Density values of corresponding bands from at least six-eight
independent experiments were normalized to control unstimulated (-AngII) and are
expressed as mean±SEM. ⁎Pb0.05 Cont+AngII vs. Cont; ⁎Pb0.01 Ad.β-gal+AngII vs.
Ad.β-gal; #Pb0.01 Ad.KChIP2+AngII vs. Ad.β-gal+AngII; ‡Pb0.01 Ad.KChIP2+AngII
vs. Cont+AngII.
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observed in animal models of hypertrophy and failure as well as in the
human heart under pathological conditions [2,19,22,23]. Interestingly,
recent findings show that the auxiliary subunit KChIP2 is markedly
reduced in human failing hearts [15], and in animal model of cardiac
hypertrophy following pressure overload in vivo [9,18,24] and
phenylephrine-stimulated rat cardiomyocytes in vitro [18]. Therefore,
it was postulated that the relative levels of KChIP2 can determine the
current density of Ito and as such may significantly contribute to
cardiac hypertrophy-associated reduction of Ito [9,18,24]. In this study
we demonstrate that in vivo gene transfer of KChIP2 can reverse Ito
down-regulation and attenuate hypertrophy of the left ventricle
under increased loading conditions. We also demonstrate that KChIP2
can target the hypertrophic response through modulation of
intracellular Ca2+ concentration and calcineurin/NFAT signaling
module.

4.1. KChIP2 modulation of LV electrical remodeling, cardiac function and
contractility

Since KChIP2 appears to regulate Ito function, it was of special
interest to examine the physiological significance of KChIP2
expression normalization on cardiac function in vivo. Echocardiog-
raphy showed that banded hearts transduced with Ad.KChIP2
demonstrated a considerable decrease in left ventricular walls
thicknesses and chamber dimensions and a significant increase in
cardiac function. Mechanical properties of myocytes isolated from
banded hearts infected with Ad.β-gal showed that aortic banding
was associated with increases in peak calcium and cell shortening
when compared with sham hearts. However, overexpression of
KChIP2 attenuated the enhanced contractile function seen with
Ad.β-gal hearts. The induction of hypertrophy in this setting is
probably initiated, initially, as an adaptive mechanism to enhance
the depressed cardiac function. These electrical and hypertrophic
changes produced by KChIP2 in vivo are consistent with our
previous data obtained with pore-forming Kv4.3 [25,26]. Several
reports have indicated that impaired Ca2+ homeostasis is a primary
stimulus for cardiac hypertrophy and failure [27]. Indeed, in animal
models of cardiac hypertrophy and failure, the amplitude of the
intracellular Ca2+ transient is increased, in part, as a result of APD
prolongation [2,5], causing positive inotropy. While this event could
result from changes in the expression and activity of several calcium
cycling proteins, APD prolongation can induce a substantial net Ca2+

influx through L-type Ca2+ channels with each cardiac cycle [2,28].
This enhanced Ca2+ entry in turn leads to enhanced intracellular
Ca2+ transients and increased cardiac contractility, as a result of
increased sarcoplasmic reticulum Ca2+ uptake and release [29].
Although this may help to support contraction of the compromised
myocardium, it may also harm the myocardium by increasing the
propensity to develop arrhythmias [2,30] and by triggering
hypertrophic response. Modulating the action potential magnitude
and profile should then have profound effects on Ca2+ transient
amplitude and the associated changes. The observation that in vivo
cardiac gene transfer of KChIP2 can restore the hypertrophy-
associated changes in electrical parameters (i.e. Ito density, APD)
and modulate Ca2+ handling proteins (i.e. Serca2a, NCX) may
therefore explain the attenuation of the enhanced contractile
function and Ca2+ transients seen after pressure overload following
KChIP2 and/or Kv4.3 overexpression. Interestingly, recent studies
have shown that post-transcriptional gene silencing of KChIP2 in
neonatal rat cardiomyocytes suppressed both Ito and INa (sodium
current) as well as Na channel α and β1 subunit mRNA expression
levels [17]. In addition, despite a decrease in L-type Ca2+ channel
current, ventricular myocytes from KChIP2−/− mice were reported
to express higher levels of Ca2+ channel protein [31]. Collectively,
these data highlight the importance of KChIP2 in the regulation of
intracellular Ca2+ concentration.
Please cite this article as: Jin H, et al, KChIP2 attenuates cardiac hypertr
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4.2. KChIP2 modulation of cardiac hypertrophy

In hypertrophy and heart failure KChIP2 expression has been
found to be significantly decreased [9,15]. We show here that
normalization of KChIP2 expression abrogates the hypertrophic
response induced by pressure overload in hypertrophic hearts in
vivo and by Ang II in cultured myocytes in vitro. The conclusion that
ophy through regulation of Ito and intracellular calcium signaling, J
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cardiac hypertrophy was decreased is substantiated by the following
results that overexpression of KChIP2: (1) significantly decreased the
heart weight/body weight ratio, (2) decreased interventricular septal
and left ventricular posterior wall thicknesses, (3) decreased cell
capacitance, (4) significantly increased Ito density, (5) markedly
shortened APD, (6) inhibited protein synthesis, (7) inhibited MAPK
signaling activity, (8) decreased calcineurin/NFAT expression and
blocked NFATc1 nuclear translocation and activity, and 9) down-
regulated expression of MCiP1.4.
Please cite this article as: Jin H, et al, KChIP2 attenuates cardiac hypertr
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The inhibition of MAPK activity following KChIP2 overexpression
is of importance particularly in light of recent studies which showed
that MAPK can modulate the expression of KChIP2 [18]. These studies
suggest that down-regulation of KChIP2 expression observed in
cardiac hypertrophy significantly contributes to the hypertrophy-
associated reduction in Ito density. They also indicate that the
expression of KChIP2 mRNA is controlled by the 2 branches of MAP-
kinase pathways, namely JNKs and MEK-ERK [18]. Hence, the
activation of stress-activated MAPkinases could therefore contribute
ophy through regulation of Ito and intracellular calcium signaling, J
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Fig. 7. KChIP2 inhibits MAPkinases activity. The effect of KChIP2 on ERK (A) and JNK (B) activities was evaluated in neonatal myocytes infected with Ad.β-gal or Ad.KChIP2 in the
presence (+) or absence (−) of AngII (1 μM for 30min). Immunoblots were probed with phospho-specific antibodies against ERK and JNK and then re-probed for the corresponding
total protein that confirmed equivalent protein loadings. Shown are representative blots from 4 determinations. ⁎Pb0.01 Ad.KChIP2 vs. Ad.β-gal.
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to diminished Ito by transcriptional down-regulation of KChIP2.
However, the mechanism of MAPK-induced down-regulation of
KChIP2 expression is not clear. In this respect, it is interesting to
point out that the KChIP2 promoter region has been reported to bind
CREB, a transcription factor that is also a target of ERK phosphory-
lation [32]. Moreover, ERK has also been suggested to regulate Ito by
direct phosphorylation of the pore-forming Kv4.2 subunit [33]. Other
mechanisms, including phosphorylation by tyrosine kinases and
mRNA degradation of Kv4.3 mRNA by angiotensin II and phenyleph-
rine have also been shown to affect Ito density [34], [35]. So, it appears
that factors that regulate Ito-based Kv4-channel genes concomitantly
regulate KChIP2, although the precise mechanisms responsible are
still poorly understood. Our observation that KChIP2 regulates the
activity of the MAPKs coupled with the observation that ERKmay also
regulate the function of Kv4-channels and KChIP2 raises the potential
ability of KChIP2 to play a dual role in regulating Kv4 currents: (1)
through direct modulation of Kv4 kinetics and expression; and (2)
through a possible feedback mechanism involving the attenuation of
the MAPK activation. It will be important to elucidate this feedback
mechanism in more detail in order to characterize the link between
the signaling molecules responsible for regulation of cardiac growth
and electrical remodeling.

The involvement of the calcineurin/NFAT pathway in cardiac
growth and hypertrophy is well established [27]. In addition, the
activation of calcineurin and the onset of cardiac hypertrophy have
been shown to be associated with APD prolongation and to be greatly
influenced by increased calcium influx, either directly by increasing
the expression of L-type calcium channels or indirectly by reducing
the expression of the transient outward K+ channels [36,37]. We
recently reported that down-regulation of Ito and APD prolongation
occur early following pressure overload and in vivo cardiac gene
transfer of Kv4.3-based Ito can increase Ito density, shorten APD and
attenuate the hypertrophic responses via a calcineurin pathway [25].
Similar observations have also been demonstrated earlier in cultured
systems using NRVM overexpressiong Kv4.2 [38] or infected with
adenoviruses harboring dominant-negative constructs for Kv4.2 [39].
We report in the present study that overexpression of KChIP2 in
cultured cardiomyocytes is associated with a marked decrease in the
expression of calcineurin and NFAT. The ability of KChIP2 to block the
nuclear translocation of NFATc1, as did VIVIT, and to reduce NFAT
Please cite this article as: Jin H, et al, KChIP2 attenuates cardiac hypertr
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luciferase activity and down-regulate MCiP1.4 further documents the
effect of KChIP2 on calcineurin/NFAT pathway and may provide a
potential mechanism through which KChIP2 regulates cardiac
hypertrophy.

Recently, calcineurin/NFAT signaling pathway has been reported
to down-regulate the expression of Kv4.2/Kv4.3 channels and KChIP2
in the mouse heart under physiological and pathophysiological
conditions [40-42]. Also, raping pacing of adult canine cardiomyocytes
deceased Ito density and Kv4.3, but not KChIP2, expression through an
increase in calcineurin/NFAT signaling activity [43]. It was further
demonstrated that differential calcineurin/NFAT activity contributes
to the transmural Ito gradient (produced by Kv4 and KChIP2
expression) across the mouse left ventricular free wall [40]. Given
that calcineurin/NFAT signaling causes hypertrophy [27], it was
suggested that blocking calcineurin and NFAT activation attenuates
left ventricular remodeling in dominant negative Kv4.2 transgenic
mice [44] and completely prevents rate-dependent Ito and ICa down-
regulation [43,45]. It is therefore intriguing to speculate that KChIP2,
in this study, negatively modulates calcineurin/NFAT pathway in
order to preserve the expression of Ito.

Given the preponderance and early time course of electrical
remodeling in cardiac hypertrophy and failure, it is possible that the
elevations in intracellular calcium associated with APD prolongation
may provide an important stimulus for activation of stress pathways
including calcineurin and MAPKinases and induction of cardiac
hypertrophy. In this context, the observation that KChIP2 abrogates
cellular hypertrophy is of interest. Our data indicate that KChIP2 can
target cardiac hypertrophy by interfering with the calcineurin/NFAT
pathway through a Ca2+-sensitive signaling system involving (1)
regulation of Ito density and APD, and (2) modulation of Ca2+ cycling
proteins to alter intracellular Ca2+ content. Increasing proteins known
to be involved in the sequestration/extrusion of intracellular Ca2+ and
shortening the APD, thus limiting Ca2+ influx, generates a lower
cytosolic Ca2+ signal that deactivates the calcineurin/NFAT signaling
pathway and subsequently attenuates the hypertrophic response.

4.3. Causal relationship between the loss of Ito and cardiac hypertrophy

The relationships between reductions of Ito and concomitant APD
prolongation and cardiac hypertrophy have been explored but the
ophy through regulation of Ito and intracellular calcium signaling, J
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findings were distinct. Cardiac specific ablation of Ito1 by over-
expression of a Kv4.2 channel with a single mis-sense mutation
(W362F) did not induce cardiac hypertrophy [46,47]. However,
cardiac specific overexpression of dominant negative Kv4.2 channel
(truncated channel:Kv4.2N) resulted in hypertrophy and cardiomy-
opathy alongwith a prolonged APD in vivo [28] and in vitro [39]. There
are some differences between these two murine models. The W362F
mutant subunits can insert into the plasma membrane normally, but
the channels are non-conducting and at the same time have a
dominant-negative effect when they co-assemble with wild-type
subunits [46,47]. On the other hand Kv4.2N has only dominant
negative effects and may also cause toxicity within the cardiac
myocytes. In mice overexpressing W362F mutant, there was an
increase in Kv1.4 channel expression [46,47]. However, crossbreeding
of Kv1.4−/− and Kv4.2W362F transgenicmice produced offspring that
had structurally normal hearts despite significant QT prolongation
and frequent ventricular tachycardia [47]. Interestingly, patients with
long QT syndrome do not have evidence of hypertrophy at baseline. In
addition, there was no evidence of hypertrophy or compromised
functioning inKv4.2−/− [48] orKChIP2−/−hearts [9,31]; yet, KChIP2−/−

mice have decreased total Ito and significantly prolonged APD [9].
However, despite the apparently normal development of KChIP2−/−

mice, a potential link between KChIP2 and heart disease was indi-
cated by the finding that left-ventricular hypertrophy induced by
pressure overload in mice was associated with a significant decrease in
KChIP2 expression [9]. We and others have also shown that hypertro-
phy-inducing stimuli such as aortic banding can markedly reduce Ito
densities and Ito-encoding pore-forming Kv4.3 [25] and auxiliary
KChIP2 subunit proteins expression [18]. We also demonstrated that
in vivo gene transfer of Kv4.3 can reverse the observed Ito down-
regulation and attenuate the associated cardiac hypertrophy [25].
Our current findings that KChIP2 restoration in vivo can also atte-
nuate the hypertrophic response to pressure overload argue for a
role of these molecules in the remodeling of the myocardium and
therefore may play a potential role in the progression of hypertrophy
and failure once cardiac hypertrophy is initiated. However, since heart
rate, action potential shape, and contractile properties are known to be
species dependent, the possibility remains that the role of Ito and its
auxiliary subunits in generation of LV pathologies is also species
dependent. Although considerable progress has been made, the role of
electrical cardiac remodeling associated with the molecular pathogen-
esis of hypertrophy remains limited and clearly warrants further
investigation.

4.4. Limitations

In this study we attempted to examine the role of KChIP2 in
modulating cardiac contractility and hypertrophy. Although these
data are interesting, they may not be extrapolated to the diseased
human myocardium because of the presence of comorbid conditions
and marked differences in AP profiles. KChIP2 is the predominant
isoform of the auxiliary KChIP family to be specifically expressed in
the myocardium. Currently, there are about eight KChIP2 isoforms
that have been identified and characterized (reviewed in [21]). They
appear to exert different regulatory effects on Kv4 function. It remains
to be determined whether these isoforms would also produce
different effects on cardiac contractility and hypertrophy. Another
limitation is the concern that the level of the overexpressed KChIP2
may be higher than the physiological levels since the robust increase
in Ito density was greater than in control cardiomyocytes. So, carefully
titrating transgene expression will be particularly helpful.

Our findings indicate that normalization of KChIP2 expression in
hypertrophied hearts can attenuate the development of cardiac
hypertrophic response possibly through restoration of Ito densities
and reduction of APD, regulation of intracellular Ca2+ cycling and
modulation calcineurin/NFAT pathway.
Please cite this article as: Jin H, et al, KChIP2 attenuates cardiac hypertr
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