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Abstract
Aim: Junctophilins (JPs), a protein family of the junctional membrane complex,

maintain the close conjunction between cell surface and intracellular membranes

in striate muscle cells mediating the crosstalk between extracellular Ca2+ entry

and intracellular Ca2+ release. The small-conductance Ca2+-activated K+ channels

are activated by the intracellular calcium and play an essential role in the cardiac

action potential profile. Molecular mechanisms of regulation of the SK channels

are still uncertain. Here, we sought to determine whether there is a functional

interaction of junctophilin type 2 (JP2) with the SK channels and whether JP2

gene silencing might modulate the function of SK channels in cardiac myocytes.

Methods: Association of JP2 with SK2 channel in mouse heart tissue as well as

HEK293 cells was studied using in vivo and in vitro approaches. siRNA knock-

down of JP2 gene was assessed by real-time PCR. The expression of proteins

was analysed by Western blotting. Ca2+-activated K+ current (IK,Ca) in infected

adult mouse cardiac myocytes was recorded using whole-cell voltage-clamp tech-

nique. The intracellular Ca2+ transient was measured using an IonOptix photome-

try system.

Results: We showed for the first time that JP2 associates with the SK2 channel

in native cardiac tissue. JP2, via the membrane occupation and recognition nexus

(MORN motifs) in its N-terminus, directly interacted with SK2 channels. A colo-

calization of the SK2 channel with its interaction protein of JP2 was found in the

cardiac myocytes. Moreover, we demonstrated that JP2 is necessary for the proper

cell surface expression of the SK2 channel in HEK293. Functional experiments

indicated that knockdown of JP2 caused a significant decrease in the density of

IK,Ca and reduced the amplitude of the Ca2+ transient in infected cardiomyocytes.

Conclusion: The present data provide evidence that the functional interaction

between JP2 and SK2 channels is present in the native mouse heart tissue.

Junctophilin 2, as junctional membrane complex (JMC) protein, is an important

regulator of the cardiac SK channels.
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1 | INTRODUCTION

Junctophilins are a protein family of the junctional
membrane complex (JMC), which provides a bridge for the
signal transduction in excitable cells between plasma
membrane ion channels and intracellular calcium release
channels by anchoring the endo/sarcoplasmic reticulum
(ER/SR) to the plasma membrane/T-tubules.1 Among JPs,
JP1 is predominantly expressed in skeletal muscle, JP2 is
expressed in cardiac, skeletal and smooth muscles, and JP3
and JP4 are mainly present in nervous system.1,2 Both JP1
and JP2 may be involved in regulating Ca2+ homoeostasis,
which aids to excitation-contraction coupling (e-c coupling)
mechanism.3-5 JP2 dysfunction has been linked to defects
in integral ion channel expression, abnormal intracellular
Ca2+ handing and heart disease.6,7

Small-conductance Ca2+-activated K+ channels or SK
channels, one family of Ca2+-activated K+ channels, are
widely expressed in various species, including mouse, rat
and humans.8-10 These channels play fundamental roles in
regulating cellular excitability.9-11 The SK channels consist
of three subtypes, SK1, SK2, and SK3, encoded by the
genes (KCNN1-KCNN3).9,12 In cardiac myocytes, the SK
channels contribute to the repolarization of the cardiac
action potential (AP).13 Knockout of the SK2 channel
mouse displayed AP prolongation and atrial fibrillation
(AF).14,15 Inhibition of SK channels by specific inhibitors
prolonged AP duration.16-18 Increased evidences have indi-
cated that the SK2 channel participates in the remodelling
in AF19-22 and heart failure (HF) due to the increased sen-
sitivity of SK channels to intracellular Ca2+ in failing
heart.23-25 Other studies have documented that the dysfunc-
tion of the SK2 channel in atrioventricular nodal cells
resulted in shortening of spontaneous APs.26 The inhibition
of the SK2 channel decreases the firing rate and prolongs
APD in sinoatrial node cells.27 Hence, the understanding of
the SK channels in the regulation of the cardiac excitability
has increasingly become the focus of new therapeutic
strategies for the treatment of cardiac arrhythmia.

Ion channels are membrane protein complexes, which
significantly affect the channel localization, trafficking,
activation and regulation.28 Recent studies have revealed
the physiological significance of JPs coupling ion chan-
nels.29-31 JP1 and JP2 could interact with the dihydropy-
ridine receptor (DHPR) that controls Ca2+ homoeostasis
and e-c coupling.31 JP2 was shown to be interacted with
TRPC3, a Ca2+-permeate channel and be functionally

linked to ryanodine receptors (RyRs) Ca2+ release in mus-
cle.30,32 JPs may be an important regulator of the functional
interaction between STIM1-Orai1 protein system and
voltage-gated Ca2+ entry, as demonstrated for Cav1.2
channels.33,34 Available results highlight the existence of
proper interactions between JPs, Ca2+ channels and
RyRs.32 We therefore hypothesized the role of JP2 for tar-
geting a Ca2+-activated K+ channels (SK2 channel) on the
plasma membrane in the heart. We investigated (i) an asso-
ciation of JP2 with SK2 channel in native heart tissue
as well as in HEK293 cells and (ii) the effects of the
knockdown of JP2 on the expression and function of SK2
channel in the mouse cardiomyocytes.

2 | RESULTS

2.1 | JP2 associates with SK2 channel in
native cardiac tissue

Junctophilins are an essential JMC protein which functions
as a bridge between transverse tubules and junctional sar-
coplasmic reticulum (jSR), the constituents of “dyad”, in
cardiac muscle. To define the functional interactome of
SK2 channel in the heart, we documented whether JPs
interact with ion channels on the T-tubule/plasma mem-
brane, like the SK channels. Co-immunoprecipitation
experiments were performed in the native mouse heart tis-
sue (Figure 1A) as well as HEK293 cells transfected with
SK2 and JP2 (Figure 1B). Anti-JP2 antibody which was
bound to protein A-agarose precipitated SK2 protein from
mouse heart tissues as detected on immunoblots using anti-
SK2 antibody as shown in Figure 1A (right panel) as pro-
tein bands at �60 kDa. Data indicated that SK2 selectively
bound to endogenous JP2 in the mouse heart. Similarly, in
the reverse co-IP, experiments are shown in Figure 1A.
Using anti-SK2 antibody bound to protein A-agarose to
precipitate the detergent-solubilized protein from the mouse
heart tissue, JP2 protein could be detected on immunoblots
with anti-JP2 antibody as shown in Figure 1A (left panel)
as protein bands at �97 kDa. No specific immunoreactions
were observed in the immunoprecipitates of the controls
using an unrelated antibody (Figure 1A, Ctrl-N in left and
right panels). These results revealed that JP2 specifically
bound to endogenous SK2 in the heart lysates. In our pre-
vious study, we demonstrated co-immunoprecipitation of
RyR2 and the SK2 channel in the heart.35 Interestingly, we
observed that JP2 was also immunoprecipitated with an
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antibody against RyR2 (Figure 1C). Take together; these
results indicate the specific interaction between JP2 and
SK2 in native cardiac tissue. JP2 may form a complex of
SK2 with RyR2. The SK2 may be part of a complex made
up by JP2 and RyR2.

To confirm whether the interaction between JP2 and
SK2 may associate with other specific proteins, we per-
formed a similar set of co-IP experiments in HEK293 cells
transfected with plasmids containing pEGFP-SK2 and
pcDNA-JP2 (Figure 1B). Solubilized proteins from trans-
fected HEK293 cells were immunoprecipitated with the
anti-SK2 antibody and subsequently immunoblotted with
the anti-JP2 antibody (Figure 1B, left panel). As shown in
Figure 1B, JP2 was immunoprecipitated with an antibody
against SK2, but was absent in the samples incubated with
an unrelated antibody (Figure 1B, Ctrl-N in left and right
panels). The interaction between JP2 and SK2 was also
confirmed in immunoprecipitation experiments performed
with antibody directed against JP2 followed by
immunoblotted with antibody against SK2 (Figure 1B,
right panel). These results confirm a direct interaction
between JP2 and SK2, indicating that the interaction
between two proteins in the HEK293 cells does not
associate with other specific proteins.

2.2 | Molecular interaction between
Junctophilin 2 and SK2 in Vitro

We further attempted to evaluate whether JP2 selectively
binds to SK2 in mouse cardiac muscle using GST pull-
down experiments. Purified GST and GST-JP2 fusion pro-
teins were immobilized on glutathione-Sepharose 4B
affinity beads and then incubated for 6 hours at 4°C with
500 lg of proteins solubilized from the heart lysates. As
shown in Figure 2B, Western blot analysis with an anti-
body against SK2 revealed that GST-JP2 fusion proteins
were able to pull down the endogenous SK2, whereas GST
alone did not appear to pull down the endogenous SK2. A
similar pulldown assays were performed with the cell
lysates from HEK293 cells transfected with SK2 as shown
in Figure 2C, indicating that GST-JP2 selectively bound to
SK2, but GST alone did not.

Next, we identified the specific residues within JP2 for
binding with the cardiac SK2 channel. Previous studies

FIGURE 1 JP2 associates with SK channels in native cardiac
tissue and HEK293 cells. A, Solubilized proteins from the mouse
heart tissue were immunoprecipitated (IP) with anti-SK2 (left panel)
or anti-JP2 (right panel) antibodies. Specific anti-JP2 (left panel) and
anti-SK2 antibodies (right panel) were used to recognize JP2
(MW~97 kDa) and SK2 (~60 kDa) by Western blotting. Ctrl-N
(right and left panels) indicates the negative control using a non-
immobilized gel. B, JP2 co-IP with SK2 in HEK293 cells transfected
with SK2 channel and JP2. Solubilized proteins from transfected
HEK293 cells were immunoprecipitated with anti-SK2 (left panel)
or anti-JP2 (right panel) antibodies. Specific anti-JP2 (left panel) and
anti-SK2 antibodies (right panel) were individually used to detect JP2
and SK2 channels with Western blot analysis. C, JP2 associates with
RyR2 in native heart tissue. Lysates from the mouse heart tissue were
immunoprecipitated with anti-RyR2 (left panel) or anti-JP2 (right
panel) antibodies. Specific anti-JP2 (left panel) and anti-RyR2
antibodies (right panel) were individually used to recognize JP2 and
RyR2 (~565 kDa) by Western blotting

FIGURE 2 Interaction between JP2 and SK2 in vitro. A,
Schematic diagrams of mouse full-length JP2 and three JP2
constructs. B, GST fusion proteins containing GST-JP2 and GST-
JP2 constructs (GSTJP2-N1, GSTJP2-N2 and GSTJP2-C) were
performed to pull down the mouse heart lysate followed by
immunoblotting with an anti-SK2 antibody. Positive bands displayed
interactions of GST-JP2 with SK2 and GSTJP2-N1 with SK2. No
interaction was observed between SK2 and GSTJP2-N2, GST-JP2-C
or GST alone. C, GST fusion proteins were performed to pull down
transfected HEK293 cells followed by immunoblotting with an anti-
SK2 antibody. Positive bands showed the binding of GST-JP2 with
SK2 and GST-JP2-N1 with SK2. No interaction was observed
between SK2 and GST-JP2-N2, GST-JP2-C or GST alone
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have suggested that JPs contain the MORN motifs within
the N-terminal of JP2 that is highly conserved among spe-
cies, postulated to play a role in the targeting of ion chan-
nels on the surface membrane.1,2 Thus, we prepared three
constructs based on full-length sequences of JP2 to define
the requirements on the MORN motifs of JP2 for the SK2
channel binding (Figure 2A). They are individually named
as JP2-N1 (aa 1-253 containing the MORN I region of
JP2), JP2-N2 (aa 216-350 containing the MORE II region)
and JP2-C (aa 340-696 containing the C-terminal region of
JP2). GST pulldown assays were again performed with
three GST fused constructs, GST-JP2-N1 (aa 1-253), GST-
JP-N2 (aa 216-350) and GST-JP2-C (aa 340-696). As
shown in Figure 2B, GST-JP2-N1, but not GST-JP2-C and
GST alone, was able to pull down the endogenous SK2
protein, as revealed by Western blotting with the anti-SK2
antibody. GST-JP2-N2 shows weak binding with SK2. A
similar pulldown assays were performed on the HEK293
cells transfected with the SK2 channel (Figure 2C). When
three GST fused constructs were immobilized on glu-
tathione column and then incubated with solubilized pro-
teins prepared from the cell lysates, GST-JP2-N1
selectively bound to SK2, as revealed by Western blotting
with the anti-SK2 antibody, whereas GST-JP-C and GST
alone did not appear to bind SK2 (Figure 2C). Our data
indicated that the N1 domain, 1-253-amino acid region of
JP2, contains the majority of the binding sites for SK2,
suggesting that the binding site could comprise the MORN
I motifs of JP2.

2.3 | Colocalization of JP2 and SK2 in adult
mouse cardiomyocytes

To test the physiological association between JP2 and
SK2, we assessed whether these proteins are colocalized in
the same cellular compartments in isolated mouse cardiac
myocytes. Confocal imaging showed that the JP2 protein
was distributed in striated patterns (A and B, Figure 3) in
single isolated cardiac cells, which have regularly spaced
transverse striations corresponding to the positions of the
Z-lines in the ventricular myocytes (B, Figure 3) or Z-
tubules in the atrial myocytes (A, Figure 3).7,33 In agree-
ment with our previous work,27 positive SK2 staining was
predominantly distributed along the Z-lines or Z-tubules
(A and B, Figure 3) and partial colocalized with JP2, as
observed via double staining. The clear colocalization of
JP2 and the SK2 channel was found at the plasma mem-
brane of HEK 293 cells cotransfected with the plasmids
containing JP2 and SK2 as shown in Figure 3D. These
data demonstrated the clear colocalization of JP2 and the
SK2 channel in the cardiac myocytes and mammalian
cells, supporting the interaction between JP2 protein and
the SK2 channel.

2.4 | JP2 increases SK2 channel surface
expression in HEK293 Cells

To rule out the physiological significant of the interaction
between JP2 and SK2, we investigated whether the target-
ing of SK2 channels on the membrane requires the JP2
protein base on the HEK293 cells stably expressing SK2
and SK2+JP2 with cell -surface biotinylation assay. As
shown in Figure 4A and 4C, the total expression of the
SK2 protein from HEK293 cells cotransfected with JP2
and SK2 plasmids does not change significantly compared
with the cells transfected with the SK2 channel alone
(P = .778, n = 5 for each). The surface expression of the
SK2 protein from HEK293 cells cotransfected with JP2
and SK2 plasmids significantly increased by 1.02 � 0.14%
(n = 5 for each) compared with the cells transfected with
the SK2 channel alone (0.13 � 0.05%) (P < .05,
Figure 4B, C). The results indicated that JP2 regulates the
targeting of SK2 channel on the membrane.

2.5 | Knockdown of JP2 depresses Ca2+-
activated K+ currents in cardiac myocytes

To expand our understanding of the physiological signifi-
cance of JP2 binding to the SK2 channel in cardiomy-
ocytes, we examined whether JP2 specifically modulates
the SK2 channel function using an RNA interference tech-
nique. A small interference RNA oligonucleotide probe
against a specific cDNA sequence of JP2 was found to be
highly effective in knocking down of JP2 expression in the
cardiac myocytes (see Supplementary Information).

Western blotting analysis revealed that the level of JP2
expression in the adult mouse cardiac tissue transduced
with Ad-mediated siRNA specifically targeted against JP2
for 7 days was reduced to 47% and 48%, respectively, of
the levels observed in the non-infected adult cardiac tis-
sue (Ctrl-NT) and infected scramble siRNA (Ad-NC) car-
diac tissue (P = .0047 and P = .0098, n = 5 per group
from 5 hearts, Figure 5C, D). No significant change in
expression levels of the SK2 channel was examined in
the adult cardiac tissue infected with Ad-siJP2 compared
with the controls (n = 5 per group from 5 hearts, Fig-
ure 5C, E).

We further investigated whether siRNA knockdown of
JP2 may interfere with the SK2 channel function. The
Ca2+-activated K+ current (IK,Ca) in the single adult mouse
cardiac myocytes infected with Ad-siJP2 for 7 days
through the caudal vein injection was measured using
patch-clamp technique. Figure 5A shows the GFP expres-
sion in single adult mouse cardiac myocytes transfected
with Ad-siJP2 for 7 days under a fluorescent microscope.
Figure 5F shows representative whole-cell IK,Ca traces
recorded at a holding potential of �55 mV to various
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voltage steps from both the control and siRNA JP2-
EGFP-positive cardiac myocytes. The current density-vol-
tage relations of IK,Ca were summarized in Figure 5G,
which shows a significant decrease in both the inward
and outward current densities in the infected cardiac myo-
cytes compared with the control cells (*P < .05,
†P < .01, respectively, n = 8 for Ad-NC; n = 9 for Ad-
siJP2). At �120, �110, +50 and +60 mV, the IK,Ca den-
sities in the cardiac myocytes infected with siRNA against
JP2 decreased by about 42.4%, 31.8%, 55% and 53.2%,
respectively, compared with the control cells (†P = .01,
n = 8 for Ad-control; n = 9 for Ad-shRNA) as shown in
Figure 5H. Altogether, knockdown of JP2 led to a
decrease in the IK,Ca, suggesting that JP2 is required for
proper function of SK2 channel in cardiac myocytes. In
combination with our immunoprecipitation data showing
that JP2 binds to SK2, further supporting a novel role of
JP2 in regulating SK2 channel.

2.6 | Knockdown of JP2 depresses
intracellular Ca2+ transient

Based on the observation of reduced Ca2+-activated K+ cur-
rent in isolated adult cardiac myocytes infected with Ad-
siJP2, we investigated whether the alteration of the SK2
channel function in Ad-siJP2 cardiac myocytes is related to
the intracellular Ca2+ abnormalities caused by knockdown
of JP2. Typical recordings of the intracellular Ca2+ ([Ca2+]i)
transients are shown in Figure 6A. Summarized data are dis-
played in Figure 6B-C, illustrating that the resting calcium
levels were unchanged in the cardiac myocytes infected with
Ad-siJP2 compared with the control cells (1.17 � 0.09 vs
1.18 � 0.09 ratio unites, P = .92) (Figure 5B). siRNA
knockdown of JP2 significantly decreased the amplitude of
the [Ca2+]i transient (0.249 � 0.020 vs 0.49 � 0.0389 ratio
units in control cells, P = .004, n = 35 from 8 hearts) (Fig-
ure 6B) and increased its time to 50% peak (25.28 � 4.46

FIGURE 3 Colocalizations of JP2 and SK2 channels in adult mouse cardiac myocytes and HEK293 cells. Confocal images show double
immunostaining with anti-JP2 antibody (green) and anti-SK2 antibody (red) in single isolated mouse atria (A) and ventricular (B) myocytes as
well as HEK293 cells (D) cotransfected with JP2 and SK2. Negative control experiments (Control) were performed with the secondary antibodies
with anti-rabbit-IgG TRITC-conjugated and with anti-mouse-IgG FITC-conjugated in atria myocytes (C) and HEK293 cells (E). Merge images
show the colocalization of JP2 and SK2 channels near the Z-lines in the cardiac cells or on the surface membrane of HEK293 cells. Scale bars,
10 lm
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vs 17.54 � 2.86 ms in control cells, P = .013, n = 35 from
8 hearts). Whereas the time for Ca2+ transient to 50% decay
was unchanged in Ad-siJP2 cardiac myocytes compared
with the controls (71.57 � 6.94 vs 67.55 � 9.06 ms,
P = 0.67, n = 26 from 8 hearts) (Figure 6C).

To study whether reduced Ca2+ transient was due to
change in the SR store Ca2+, we measured RyR2-dependent
SR store Ca2+ content by caffeine. Figure 5C shows

examples of Ca2+ transients elicited by application of
10 mmol L�1 caffeine. The adult cardiac myocytes infected
with Ad-shJP2 showed a significantly lower caffeine-evoked
Ca2+ release (0.55 � 0.07, ratio units, N = 25) compared to
control cells (0.91 � 0.12, N = 48; P = .0001) without sig-
nificantly changing in the Ca2+ transients dynamics (Fig-
ure 6C). These results indicated that knockdown of JP2
significantly decreased caffeine-mediated SR Ca2+ store
levels, and this could account for reduced [Ca2+]i transients
amplitude. We next explore whether knockdown of JP2
affects the expression of calcium-handling proteins. As
shown in Figure 6D, E, there was no significant alteration in
the expression of RyR2, SERCA2, Cav1.2 LTCC and
NCX1 in Ad-siJP2 cardiac cells compared to control cells.

3 | DISCUSSION

Junctophilins are key molecules that located in the junc-
tional membrane complex of skeletal and cardiac muscle
cells. The role of JP2 as a membrane-binding protein has
been previously established.1-3 However, only recently has
JP2 been identified as an interacting membrane protein with
DHPR and TRPC3 in skeletal muscle cells that localizes on
the plasma membrane.30,31 In the present study, we demon-
strated that JP2 is the SK2 channels interacting protein in
native cardiac tissue using co-immunoprecipitation and pull-
down experiments. The same experiments indicated that
JP2 and SK2 were immunoprecipitated and pull down with
solubilized proteins from HEK293 cells expressing heterol-
ogous proteins, indicating that JP2 and SK2 interact
directly. An association of these proteins in native cardiac
tissue and their close proximity in the same cellular com-
partment was confirmed in adult mouse cardiac cells by
confocal immunofluorescent imaging, where the majority of
both JP2 and SK2 proteins was localized near the Z-lines in
the native cardiac myocytes or at the plasma membrane in
the HEK293 cells. And the significance of the interaction

FIGURE 4 JP2 increases SK2 channel surface expression in
HEK293 cells. A, Western blot analysis showing the total expression
of the SK2 protein from HEK293 cells cotransfected with JP2 and
SK2 plasmids and with the cells transfected with the SK2 channel
alone. B, The surface expression of the SK2 protein from HEK293
cells stably expressing SK2 and SK2+JP2 with cell surface
biotinylation assay. Signals were corrected to total channel protein
input and normalized. C, The bar graphs show no changes in the total
expression of the SK2 protein (input), but the surface expression of
the SK2 protein (biotinylated protein) from HEK293 cells
cotransfected with JP2 and SK2 plasmids significantly increased
compared with the cells transfected with the SK2 channel alone
(*P < .05, n=5 per group)

FIGURE 5 siRNA knockdown of JP2 depresses IK,Ca in the adult mouse cardiac myocytes. A, A photomicrograph of the fluorescent
microscopy of EGFP expression in the isolated adult mouse cardiac myocytes after injection. B, A significant suppression of the levels of JP2
mRNA in the adult mouse cardiac myocytes transduced with Ad-siJP2 vectors was observed using real-time PCR compared to the scramble
siRNA (Ad-NC) myocardium and non-transfected (Ctrl-NT) myocardium (each n = 3). C, Western blot analysis showing the expressions of JP2
and SK2 proteins in adult mouse myocardium with different treatments. D, The bar graphs show significant decreases in the expression of JP2 in
adult mouse myocardium transduced by Ad-mediated siRNA specific to JP2. *P < .05 with respect to Ad-NT or Ctrl-NC groups (n = 5 per
group). E, The bar graphs show no changes in the expression of SK proteins in siRNA-infected adult mouse myocardium compared with Ad-NT
or Ctrl-NC groups (n = 5 per group). F, Representative traces of IK,Ca evoked by depolarization steps from �120 mV to +60 mV from a holding
potential of �55 mV in infected adult mouse cardiac myocytes. The protocol is illustrated above the current traces. Apamin-sensitive currents in
the right panels were obtained from the digital subtraction of the total current recorded in the presence and absence of apamin. G, Summary data
of the current density-voltage relationships showing a reduced apamin-sensitive current densities in the adult mouse cardiac myocytes transduced
with siRNA specific to JP2 (‡P < .01, †P < .01, *P < .05 vs control siRNA groups, n = 8 per group). F, The bar graphs show reduced IK,Ca in
infected adult mouse cardiac myocytes when the test potentials were �120, �110, +50 and +60 mV, respectively. *P < .05, †P < .01 vs control
siRNA groups (n = 8 for each group)

6 of 13 |



| 7 of 13



between the SK2 channels with JP2 is further extended by
our data that JP2, an MJC protein, enhanced the proper cell
surface expression of the SK2 channel. The molecular
mechanisms of this effect may be mediated by protein-pro-
tein interactions or by the participation of other molecules.

JP2 is predicted to interact with the plasma membrane
or T-tubule membranes via its MORN motif at the N-termi-
nus, and it is also thought to interact with SR membranes
via its transmembrane domain at the C-terminus.1,2 These
characteristics allow JP2 to crosslink the T-tubule

FIGURE 6 Knockdown of JP2 reduced the amplitude of the Ca2+ transient in the adult mouse cardiac myocytes. A, Samples of the Ca2+

transient of Furo-2 loaded adult mouse cardiac myocytes treated with siRNA specific to JP2. The intracellular Ca2+ transient induced by field
stimulation at 1 Hz. B, The bar graphs show resting Fura-2 ratio (340/380 nm), the amplitude of the [Ca2+]i transient, time to 50% peak and
time to 50% decay in Ad-siJP2 infected adult mouse cardiac myocytes. Compared with Ad-NC (siRNA-negative control) group, siRNA
knockdown of JP2 significantly decreased the amplitude of the [Ca2+]i transient, increased its time to 50% peak. C, The bar graphs show
examples of Ca2+ transients elicited by application of 10 mmol L�1 caffeine. The adult cardiac myocytes infected with Ad-shJP2 reduced Ca2+

transient amplitude (Fura-2 ratio) compared to Ad-NC without significantly changing in the Ca2+ transients dynamics, such as resting Fura-2
ratio, time to 50% peak and time to 50% decay. D, Western blot analysis showing the expressions of calcium-handling proteins in adult mouse
heart E, The bar graphs show no changes in the expression of RyR2, SERCA2, Cav1.2 LTCC and NCX1 in siRNA-infected adult mouse heart
compared with Ad-NT or Ctrl-NC groups (n = 5 per group)
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membrane to the SR membrane, leading to a direct interac-
tion with ion channels on the plasma membrane. In the pre-
sent study, we demonstrated that JP2 is the SK2 channels
interacting protein in native cardiac tissue. Our study pro-
vides new evidence regarding important molecular determi-
nants involving the MORN motifs of JP2. The MORN
motifs (amino acids 1-253) within the N-terminus of JP2
are responsible for a physical and functional interaction
with SK2 channels. Recent reports showed that mutation of
two residues (N101R and Y141H) within the MORN
motifs of JP2 was found in patients with hypertrophic car-
diomyopathy,34,36,37 indicating potential physiological and
pathophysiological significant of JPs MORN domain.

The SK channels are voltage-independent and have a
high gate affinity for the intracellular Ca2+ signalling.10,38

We previously showed that RyR2 alters SK2 channel activ-
ity in cardiac myocytes due to changed in the intracellular
Ca2+ levels.35 Our present results reveal that interfering
RNA silencing of endogenous JP2 caused a significantly
reduced density of Ik,Ca. and reduced amplitude of the Ca2+

transient in the mice cardiomyocytes. It is possible that the
interaction between JP2 and SK2 channels establishes a
crosstalk between the SK channels on the surface mem-
brane and the intracellular Ca2+ signalling. We provided
data of the electrophysiological and intracellular Ca2+ to
support the decrease in the SK2 channel current may be
related to a reduction in intracellular calcium levels. Silenc-
ing of JP2 may cause defective coupling between the SK2
channel activation and the intracellular Ca2+ signalling, and
consequently to dysfunction of SK2 channels. Indeed, a
decrease in intracellular Ca2+ is thought to result in a
prolonging of AP, leading to the development of atrial
fibrillation and arrhythmias.14,39

Ca2+ is essential in cardiac electrical activity and acts as
the direct activator of the myofilaments which cause con-
traction. JP2 plays a notable role in the maintaining Ca2+

flux,2,7,40 and its functional coupling with Ca2+ is further
explained in our study. We demonstrated that JP2 expres-
sion knockdown caused a decrease in the peak of the
[Ca2+]i transients and the slow time to the Ca2+ transient
peak. Knockdown of JP2 effects on the [Ca2+]i transient
and its dynamics may predominantly reflect a slowed down
of RyR2 release rate and /or the SR Ca2+ load. There was
no significant alteration in the expression of RyR2,
SERCA2, Cav1.2 LTCC and NCX1 in Ad-siJP2 cardiac
cells compared to control cells. One possibility is that the
alteration of RyR2 Ca2+ release may be due to increased
distance of RyR2 from the flux of Ca2+ entering through
L-type Ca2+ channels, or otherwise disrupted cellular ultra-
structure.7,41 In the presence of 10 mmol L�1 caffeine, the
reduced Ca2+ levels we observed indicated that knockdown
of JP2 reduced the SR Ca2+ stores, consistent with reduced
the peak of the [Ca2+]i transients. This closely follows

Golini’s work31 in which the reduced [Ca2+]i transients
seen in skeletal muscle caused by JP1 and JP2 knockdown
as well as cardiac hypertrophy and failure.6,42,43

Ion-channel targeting is a dynamic and complex pro-
cess, which is associated with a number of interacting pro-
teins.44 Recent studies focused on the role of cytoskeletal
proteins in SK2 channel targeting and traffic in cardiac
myocytes have revealed a new study field for SK channel
interaction proteins in physiology and disease.40,45,46 JPs
have a key role in anchoring the SR to the T-tubule/sarco-
lemma membrane in striated muscles, which imply that JP2
may act as the anchor for the SK2 channel at the mem-
brane. Thus, the decrease in IK,Ca may be not simply due
to reduced intracellular Ca2+ levels in the cardiac cells.
Additional studies are necessary to determine the roles of
JPs in the localization and integration of SK channels. It
will be important in future work to determine the regulation
of SK2 channel targeting by JPs using JP2 knockdown
mice (JP2 knockout mouse does not survive). A better
understanding of the coupling mechanisms of JP2 with ion
channels and JP2 binding partners may represent a new
therapeutic strategy for certain heart disturbances.

4 | MATERIALS AND METHODS

4.1 | Animals

Three-month-old adult C57BL/6 mice of both sexes used
in these studies were obtained from Beijing Weitong Lihua
Experimental Animal Technology, Limited (No. SCXK
Jing 2012-0001). Animal care and procedures were
approved by the Committee on the Ethics of Animal
Experiments of the University of Zhengzhou (No. SYXK-
2010-0001). Animal use was in accordance with National
Institutes of Health and institutional guidelines. All mice
were group housed and kept on a 12-hour light/dark cycle
with food and water available ad libitum.

4.2 | Plasmids and antibodies

Full-length mouse JP2 cDNA (accession number,
NM_001205076.1) was inserted at the BamHI/XhoI sites
of the pGEX-4T-1 vector (Shanghai Genechem Biotechnol-
ogy, Shanghai, China) to generate pGEX-4T-1-JP2. Three
constructs contained cDNA fragments (JP21-253, amino acid
residues 1-253; JP2216-350, residues 216-350; JP2340-696,
residues 340-696) were subcloned into the glutathione S-
transferase (GST) fusion vector pGEX-4T-1 with the
BamHI/XhoI sites to generate pGEX-4T-1-JP21-253, pGEX-
4T-1-JP2216-350 and pGEX-4T-1-JP2340-696. Full-length
mouse SK2 cDNA (accession number AY258141) was
subcloned into pIRES-EGFP (Clontech Laboratories, Palo
Alto, CA, USA) to obtain pSK2-IRES-EGFP. Full-length
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cDNA of JP2 was subcloned into pcDNA3.1 vector
(Shanghai Genechem Biotechnology, Shanghai, China) to
obtain pCDNA3.1-JP2. A pSK2-IRES2 + JP2 plasmid,
containing full-length cDNA of SK2 and JP2, was gener-
ated by subcloning the full-length cDNA of JP2 into
pSK2-IRES2. All plasmids were verified by sequencing.

The following commercial antibodies were used for
immunoblotting and/or immunostaining: anti-JP2 antibody
(Abcam, Cambridge, MA, USA), anti-SK2 antibody
(Alomone labs, Jerusalem, Israel), anti-SERCA2 antibody
(Alomone labs), anti-NCX1 antibody (Alomone labs), anti-
Cav1.2 LTCC antibody (Alomone labs) and anti-RyR2 anti-
body (Thermo, Rockford, IL, USA). Secondary antibodies
used for immunoblotting were HRP-conjugated goat anti-rab-
bit (Bio-Rad, Hercules, CA, USA) and HRP-conjugated goat
anti-mouse (Bio-Rad). Secondary antibody used for immunos-
taining was TRITC-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch, West Grove, PA, USA) and FITC-conju-
gated goat anti-mouse IgG (Jackson Immuno Research).

4.3 | HEK293 cell culture and transfection

HEK293 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% foetal bovine
serum (Invitrogen, Carlsbad, CA, USA) and 1% penicillin-
streptomycin (Invitrogen) at 37°C in an incubator with a
mixture of air and 5% CO2. Cultured cells were split 24 h
prior to transfection and plated on 100-mm plates to obtain
≧90% confluence at time of transfection. Lipofectamine
2000 reagent (Invitrogen) was used to transfect HEK293
cells with pSK2-IRES-EGFP, pSK2-IRES-EGFP+JP2 and
pSK2-IRES-EGFP+JP2 plasmids according to the manufac-
turer’s instructions. To establish the cells stably expressing
SK2 and SK2+JP2, they were cultured in the presence of
100 lg/mL Geneticin (G418; Sigma, St. Louis, MO, USA)
for 5 weeks of continuous passage and then maintained in
the medium supplemented with 50 lg/mL G418. Untrans-
fected cells were used as a negative control. After transfec-
tion for 48 hour, the cells were harvested and the lysates
isolated from transfected cells were used for further
vexperiments.

4.4 | Co-immunoprecipitation

Reciprocal co-immunoprecipitation (co-IP) was performed
as previously reported.35 In brief, 300 lg of solubilized
proteins isolated from the adult mouse heart or from
HEK293 cells was incubated with anti-JP2, anti-SK2 or
anti-RyR2 antibodies overnight at 4°C, and control groups
(Ctrl-N) were incubated with IgG antibodies of non-mouse
and non-rabbit sources, followed by an additional incuba-
tion with protein G Sepharose (Santa Cruz Biotechnology,
La Jolla, CA, USA) for 6 hour at 4°C. Protein-bead

complexes were washed three times with a high-salt buffer
(50 mmol L�1 Tris pH 8.0, 1 mol L�1 NaF, 500 mmol
L�1 NaCl, 0.5% NP-40 and complete protease inhibitor
mixture), then a low-salt buffer (50 mmol L�1 Tris pH 8.0,
1 mol L�1 NaF, 250 mmol L�1 NaCl, 0.5% NP-40, and
complete protease inhibitor mixture) and finally a salt-free
buffer (50 mmol L�1 Tris pH 8.0, 1 mol L�1 NaF, 0.5%
NP-40, and complete protease inhibitor mixture) to remove
non-specific binding. The immune complexes were
assessed with immunoblot analysis with anti-JP2, anti-SK2
or anti-RyR2 antibodies.

4.5 | Western blot analysis

Mouse heart or HEK293 cell lysates were prepared in
RIPA buffer (50 mmol L�1 Hepes, pH 7.5, 50 mmol L�1

NaCl, 50 mmol L�1 NaF, 10 mmol L�1 sodium pyrophos-
phate, 5 mmol L�1 EDTA, 1 mmol L�1 NaVO4, 0.25%
sodium deoxycholate, 1% NP-40) and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). Protein
samples were separated by SDS-PAGE and transferred onto
a polyvinylidene difluoride membrane (Roche, Basel,
Switzerland). The membrane was hybridized overnight at
4°C with the primary antibody against JP2 (dilution 1:300)
or SK2 (dilution 1:300) or RyR2 (dilution 1:600). After
extensive washings and incubation for 2 hour at room tem-
perature with secondary antibodies, immunoreactivity was
analysed with a standard ECL protocol (Pierce, MA, USA).

4.6 | GST pulldown assays

GST, GST-JP2 fusion protein or GST constructs of GST-
JP2 (GST-JP21-253, GST-JP2216-350 and GST-JP2340-696)
were transformed into Escherichia coli BL21 cells (Nova-
gen, Darmstadt, Germany). The recombinant GST proteins
were expressed and purified using a Pierce GST pulldown
kit (Pierce) according to the manufacturer’s instruction.
500 lg of GST, GST-JP2 or GST-JP2 constructs premixed
with glutathione-Sepharose 4B was incubated with the
mouse heart lysates or with the HEK293 cell lysates over-
night at 4°C. Bound GST fusion proteins were washed five
times with the pulldown buffer (Pierce GST pulldown kit).
The pulldown complexes with GST, GST-JP2 or GST-JP2
constructs were eluted from the glutathione-agarose by
10 mmol L�1 reduced glutathione in TBS (pH 8.0). The
bound proteins were separated by SDS-PAGE, visualized
by Coomassie Blue staining and then subjected to Western
blot analysis with appropriate antibody.

4.7 | Single cardiac myocyte isolation

The adult mouse was anesthetized with sodium pentobarbi-
tal i.p. (80 mg/kg). The heart was rapidly removed,
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cannulated in ice-cold Ca2+-free modified Tyrode’s solu-
tion containing 140 mmol L�1 NaCl, 5.4 mmol L�1 KCl,
1 mmol L�1 MgCl2, 10 mmol L�1 N-2-hydroxyethylpiper-
azine-N-2-ethanesulfonic acid (HEPES) and 10 mmol L�1

glucose at pH 7.4 and mounted onto a Langendorff perfu-
sion system. The hearts were then perfused with a fresh
enzyme solution containing collagenase type II (Sigma-
Aldrich) and protease (type XIV, Sigma-Aldrich) for 35-
40 min and a high-K+ solution (120 mmol L�1 potassium
glutamate, 20 mmol L�1 KCl, 1 mmol L�1 MgCl2,
0.3 mmol L�1 EGTA, 10 mmol L�1 glucose and 10 mmol
L�1 HEPES, adjusted to pH 7.4 with KOH) for 5 min. The
hearts were removed from the Langendorff apparatus. Sin-
gle atrial and ventricular cells were isolated and kept in the
high-K+ solution for the immunofluorescence labelling.
The entire perfusion procedure was performed at 37°C and
100% O2.

35

4.8 | Immunocytochemistry

Freshly isolated adult mouse cardiac cells or cultured HEK
293 cells were fixed on glass coverslips with 4%
paraformaldehyde and permeabilized with 0.4% Triton X-100
at room temperature. The cells were then incubated overnight
at 4°C with anti-SK2 (dilution 1:100) and or anti-JP2 antibod-
ies (dilution 1:100). Following three washes in PBS, the cells
were incubated with FITC-conjugated goat anti-mouse anti-
body (dilution 1:250) and/or TRITC-conjugated goat anti-
rabbit antibody (dilution 1:250) for 3 hour at room tempera-
ture.26 Negative control experiments (Control) were per-
formed with the secondary antibodies with anti-rabbit-IgG
TRITC-conjugated and with anti-mouse-IgG FITC-conju-
gated in cardiac myocytes and HEK293 cells. Confocal
images were captured with an Olympus FV1000 confocal
laser scanning microscopy (Olympus Corporation, Tokyo,
Japan).

4.9 | Biotinylation of surface proteins

The stably transfected HEK293 cells were washed with
ice-cold PBS and then treated with sulfo-NHS-SS-Biotin
(0.5 mg/mL; Pierce, Thermo Scientific, Waltham, MA,
USA) at 4°C for 30 minutes.47 The cells were lysed in an
extraction buffer (10 mmol L�1 Tris-HCl pH 7.5, 10 mmol
L�1 EDTA, 1% Triton X-100 and 1% SDS) and a 1%
mammalian protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, USA). After centrifugation (10 000 g for 20 min-
utes at 4°C), the samples were normalized for protein con-
centration and incubated with immobilized NeutrAvidin
Gel (agarose beads; Pierce, Thermo Scientific) overnight at
4°C. The beads were washed 3 times with a washing buffer
including protease inhibitors and eluted using a sample buf-
fer containing 50 mmol L�1 DTT and a trace amount of

bromophenol blue. The eluates were resolved by SDS-
PAGE gel and immunoblotted with the SK2 antibody.

4.10 | Construction and production of small
interfering RNA

Two optimal 19-mer target sequences (GCCACAATGT
GCTGGTCAA, location 1528, GTATGGTGATCTTGCTGAA,
location 2554) were selected by scanning mouse-specific JP2
cDNA sequences (accession number NM_001205076.1).48

Another siRNA sequence (TTCTCCGAACGTGTCACGT) that
had no homology to any known mammalian gene was used as a
siRNA-negative control. Two pairs of oligonucleotides encoding
shRNAs and a negative control shRNAwere designed and chemi-
cally synthesized by Shanghai Genechem Biotechnology, Shang-
hai, China. Virus particles were packaged by transfection each
short hairpin RNA-expressing vector into the HEK293-based
packaging cells using theADMAXTM (Microbix Biosystems, Tor-
onto, Canada) according to the manufacturer’s protocol. The viral
titre was stored at�70°Cbefore use.

A total dose of 1 9 109 PFU adenovirus with control
siRNA and JP2 siRNA were delivered into mice by tail
vein injection, respectively, and the experiments were car-
ried out 7 days after injection.49

4.11 | Whole-cell patch-clamp recordings

Whole-cell Ca2+-activated K+ current (IK,Ca) was recorded
using voltage-clamp protocol as previously described.35

Whole-cell recordings of IK,Ca in the infected adult cardiac
myocytes were performed at room temperature (20-22°C).
Patch pipettes had resistances of 3-4 MΩ and were filled
with an intracellular solution containing 144 mmol L�1

potassium gluconate, 1.15 mmol L�1 MgCl2, 5 mmol L�1

EGTA, 10 mmol L�1 HEPES (adjusted to pH 7.25 using
KOH). 500 nmol L�1 of a free [Ca2+] was applied by a
calcium titration programme used to calculate the free
[Ca2+], bound and dissociated. The external solution con-
tained 140 mmol L�1 N-methyl-D-glucamine (NMG),
4 mmol L�1 KCl, 1 mmol L�1 MgCl2, 5 mmol L�1 glu-
cose and 10 mmol L�1 HEPES (adjusted to pH 7.4 using
HCl). IK,Ca was elicited by a voltage ramp from �120 to
+60 mV. After stable traces were obtained, apamin (500
pmol/L; Santa Cruz Biotechnology) was applied to the
bath, and the apamin-sensitive current was obtained by dig-
ital subtraction. The currents were normalized to cell capac-
ity to obtain the current density (pA/pF). The series
resistance compensation of ≥90% was obtained. Whole-cell
patch-clamp currents were acquired with an EPC800 ampli-
fier (HEKA Elektronik, Lambrecht/Pfalz, Germany), fil-
tered at 10 kHz, digitized at sampling frequency of
50 kHz. Data were acquired and analysed with pCLAMP10
software (Axon Instruments Inc., Foster, CA, USA).
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4.12 | Ca2+ transient measurements

The intracellular Ca2+ ([Ca2+]i) transient was measured as
previous described.50 The [Ca2+]i transient was recorded
from infected adult cardiac myocytes loaded with 2 lmol
L�1 Fura-2-AM in the dark at room temperature for 30 min-
utes. After the loading of Fura-2, the cells were washed twice
with the superfusion buffer containing 1.8 mmol L�1 CaCl2
and kept in the same buffer in the dark at room temperature
for 30 minutes. To evoke [Ca2+]i transients, the cells were
stimulated at 1 Hz by field stimulation applied by two paral-
lel platinum electrodes. For the determination of the SR cal-
cium content, the cells were treated with 10 mM caffeine.
Cytosolic free Ca2+ was measured as the 340 to 380 nm
(340/380) ratio of Fura-2 fluorescence excited at 510 nm
using an IonOptix photometry system (PMT-300; IonOptix,
Westwood, MA, USA). Data were acquired and analysed
with Signal Averager software IonWizard 6.6 (IonOptix).

4.13 | Statistical analysis

The data are expressed as the means � SEM. Differences
between the groups were assessed using one-way ANOVA
or Student’s t test, as appropriate. A P value of <.05 was
considered statistically significant.
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