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ABSTRACT

In the present study, we explored the possible links between Junctophilin 2 (Jp2) and the mitochondrium-sarcoplasmic reticulum (SR)
interaction in embryonic stem cell-derived cardiomyocytes (ESC-CMs), as well as the role of Jp2 in cardiogenesis of ES cells. We found
that Ca®' transient was abnormal and mitochondria were de-energized within siJp2 ESC-CMs. The essential juxtaposition structure of
mitochondrium with SR was destroyed accompanied by selectively downregulation of Pgc-1«, Nrf-1, and Mfn-2. Impaired co-localization of
the JP2 and sarcomeres (ax-Actinin or Troponin-T) appeared in embryoid bodies (EBs) after Jp2 knockdown. Calsequestrin2 and ryanodine
receptor 2 within SR were expressed as early as the initiation of differentiation, while triadin and caveolin3 within t-tubules (TTs) did not
appear until the terminal, indicating that JP2 probably did not contribute to anchoring the SR to TTs at the early cardiogenesis stage as usual.
In addition, Jp2 knockdown selectively decreased gene transcription toward cardiogenesis (Brachyury, Isl1, and Nkx2.5), subsequently
weaken EB beating activity by 60%. Taken together, reducing JP2 expression in ESC-CMs resulted in impaired mitochondrial status due to
either abnormal cellular Ca?* homeostasis or disturbing of juxtaposition. A sensitive time window of JP2 necessary in cardiac differentiation
was found at early stage via an extra non-TTs/SR anchor-dependent role. J. Cell. Biochem. 113:2884-2894,2012. © 2012 Wiley Periodicals, Inc.
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C ardiomyocytes are the cells with the highest volume density

of mitochondrium for their extraordinary energy demand for
continuous synthesis of ATP by oxidative metabolism. Mitochon-
drial number and functional capacity are dynamically regulated in
accordance with energy demands and in response to diverse
physiological conditions, including Ca** homeostasis. Mitochon-
dria are located within 20 nm of the sarcoplasmic reticulum (SR) and
thereby exposed to a high local [Ca*"]; during the Ca*" release
process, the mitochondrium and SR Ca’' cycling is of vital
importance to cardiac cell function and plays an important role in
embryonic development [Rizzuto and Pozzan, 2006; Lukyanenko
et al., 2009], thus, the close contact of mitochondrium-SR is crucial
for mitochondrial biological function.

It was reported that mitofusin 2 (Mfn2), which was enriched at
the contact sites between mitochondrium and SR, bridged the
mitochondrium to SR by engaging in homotypic and heterotypic
complexes with Mfn1, and formed a juxtaposition required for
efficient mitochondrial Ca®™ uptake [Eura et al., 2006; de Brito
and Scorrano, 2008]. Silencing of Mfn2 in mouse embryonic
fibroblasts disrupted SR morphology and loosened mitochondrium-
SR interaction, thereby reducing the efficiency of mitochondrial
function [Chen et al., 2003]. More and more evidence indicated
that the juxtaposition between mitochondrium and SR provided
a physical basis for intercommunication during Ca?* signaling
and endowed with key players of the Ca?’"-handling machinery
[de Brito and Scorrano, 2008; de Brito and Scorrano, 2009;
Parekh, 2009].

Junctophilin 2 (JP2), a unique subtype rich in the heart, is
essential for cellular Ca*" homeostasis and cardiac excitation-
contraction (EC) coupling [Takeshima et al., 2000; Minamisawa
et al., 2004]. It had been demonstrated that cardiomyocytes from the
mutant mice lacking JP2 showed deficiency of the junctional
membrane complexes (JMCs) and abnormal Ca" transients, leading
to embryonic lethality [Takeshima et al., 2000]. Moreover, mutation
of Jp2 genes was closely associated with hypertrophic and dilated
cardiomyopathies such as heart failure (HF), which was character-
ized by reduction of contractile function and defects in Ca®"
handling in cardiomyocytes [Takeshima, 2003; Landstrom et al.,
2007; Kee and Kook, 2009; Woo et al., 2010].

Ca®" signaling is of vital importance to cardiac cell function and
plays an important role in HF, based on SR and mitochondrium Ca®"
cycling. The requirement for steady-state Ca** flux balance applies
not only to SR Ca”* cycling, but also for Ca*" entry and exit on the
mitochondrium, however, so far the role of JP2 on mitochondrium
status has not been investigated yet. Here we hypothesized that
abnormal Ca?" transients in cardiomyocytes might induce
deficiency of functional crosstalk between mitochondrium and
SR. We therefore employed a siRNA-based interference approach to
exploring the influence of Jp2 knockdown on the mitochondrium
statues and mitochondrium-SR juxtaposition in embryonic stem
cell-derived cardiomyocytes (ESC-CMs).

In addition, despite progress in JP2, little is known about its roles
in differentiated progeny from ES cells. In present study, we try to
explore whether or not a sensitive time window of Jp2 gene
expression existed in cardiac differentiation. We also try to
characterize the crucial Ca** handling proteins which link the

developing organization of proteins with JP2 underlying EC
coupling in cardiogenesis of ES cells or ESC-CMs.

CELL CULTURE AND CARDIOMYOCYTE DIFFERENTIATION

Mouse ES cell D3 (CRL-1934, American Type Culture Collection,
Manassas, VA) were cultured in DMEM medium (Gibco, Grand
Island, NY) supplemented with 1% nonessential amino acids (NEAA,
Gibco), 10% fetal bovine serum (FBS, Gibco), 0.1 mmol/L B-
mercaptoethanol (Sigma-Aldrich, St. Louis), and 10° units/L mouse
leukemia inhibitory factor (Chemicon, CA)-conditioned medium in a
humidified 5% CO, atmosphere at 37°C. Embryoid bodies (EBs) were
formed by hanging drop method in EB medium (DMEM with 20%
FBS, 0.1 mmol/L B-mercaptoethanol, and 1% NEAA). After 3 days of
differentiation in hanging drop and 2 days of suspension culture,
EBs were placed on gelatin (0.1%, Sigma)-coated 24-well plates in
differentiation medium [Metzger et al., 1996]. Daily microscopic
observations were conducted to detect beating EBs and determine
the beating rate [Wobus et al., 1997; Boheler et al., 2002; Ding et al.,
2008; Wo et al., 2008Db].

ISOLATION OF ESC-CMS

The spontaneously contracting EBs were detached from culture
surfaces by incubating with 0.05% trypsin-EDTA for 1 min at 37°C,
then dispersed into cells with 1 g/L collagenase (CLSII, Worthington
Biochemical) for 30 min at 37°C. After digesting into separated cells,
ESC-CMs were isolated by centrifugation at 1,500g for 30 min
through a discontinuous Percoll (GE Healthcare Life Sciences)
gradient (40.5 and 58.5%) and collected at the interface of the two
layers. After removal of the top layer, ESC-CMs were collected and
washed twice in PBS and adhered onto glass coverslip coated with
1% gelatin.

TARGETED SIRNA TRANSFECTION AGAINST JP2

RNA interference (RNAi) the small-interference (si) RNAs were
targeted siJp2 into either ES cells or ESC-CMs. siRNA targeting
mouse JP2 mRNA as well as a validated negative control siRNA
labeled with the Alexa-488 dye were ordered from Qiagen (Valencia,
CA). Target siJp2-a sequence: CCGCCACAATGTGCTGGTCAA,
siJp2-b: CTGTATGGTGATCTTGCTGAA. Briefly, siRNA-negative-
control, siJp2 (200 pmol) were complexed with 2 ul of lipofecta-
mine2000 (Invitrogen) in a final volume of 200 pl Opti-MEM
medium. The complexes were added onto freshly passaged ES cells
or 17days old ESC-CMs (150,000 cells/well). Twenty four hours after
transfection, cells were harvested for EB formation or further
measurements [Li et al., 2006].

ANALYSIS OF ESC-CMS CELL SIZE

After incubation in siJp2 medium for 48 h, the cells were washed in
PBS and fixed in 4% formaldehyde, subsequently permeabilization
with 0.1% Triton X-100, the fixed cells were then incubated in 1%
bovine serum albumin (BSA) for 30 min. For cell size measurement,
cells were incubated for 3h at room temperature with FITC-
conjugated Phalloidin (1:300; Molecular Probes, Eugene, OR). Cell
images were taken under a Leica fluorescence microscope.
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Ca®>* TRANSIENT MEASUREMENT

A spectrofluorometric method with Fluo-4/AM as the Ca%" indicator
was used for measuring [Ca®"];. ESC-CMs transfected with si-ctr
or siJp2 for 24 h were rinsed with bath solution (mmol/L): 140 NaCl,
5K(l, 1 CaCl,, 1 MgCl,, 10 glucose, and 10 HEPES, incubated in bath
solution containing 5 wmol/L Fluo-4/AM and 0.02% Pluronic F-127
with 5% CO,, 95% 0, at 37°C for 30 min. The temporal resolution of
the line scan was 439 Hz. Ten millimoles per liter caffeine and
8 mmol/L CaCl, were added as stimulator. A cooled CCD camera
mounted on the microscope equipped with a polychromator (IX S1,
Olympus) was used to capture the fluorescence data with excitation
at 488 nm and emission at 510 nm at room temperature [Hirata et al.,
2006; Kapur and Banach, 2007; Satin et al., 2008]. All analyses of
[Ca®*']; were processed at a single-cell level and expressed as the
relative fluorescence intensity.

MITOCHONDRIAL MEMBRANE POTENTIAL (AWM) ASSESSMENT
JC-1 staining was used to assess the mitochondrial A¥m in siJp2
ESC-CMs. JC-1 exhibited potential-dependent accumulation in
mitochondrium, indicated by a fluorescence emission shift from
green (525 + 10 nm) to red (610 £ 10 nm). Mitochondrium depolari-
zation was specifically indicated by a decrease in the red to green
fluorescence intensity ratio [Zuliani et al., 2003].

TRANSMISSION ELECTRON MICROSCOPE

Structures of the mitochondrium and SR in ESC-CMs were analyzed
by transmission electron microscope. The cells were fixed with 2.5%
glutaraldehyde in 0.1 mol/L phosphate buffer for 2 h at 4°C, followed
by postfixation in aqueous 1% osmium tetroxide for 1 h at 4°C. The
samples were then dehydrated in graded acetones, permeated, and

TABLE 1. Sequence for the Primers and Conditions of PCR

embeded in Polybed 812 epoxy resin (Polysciences). Ultrathin
sections (approximately 75 nm) were prepared and stained with 2%
uranyl acetate, followed by 1% lead citrate. Sections were
photographed under a transmission electron microscope.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
(RT-PCR)

Total RNA was isolated from EBs using Trizol reagent (Gibco) in
accordance with the manufacturer’s instructions. To synthesize first
strand cDNA, 3 mg total RNA was incubated with 0.5 mg of oligo
(dT) (Sangon, China) and 5ml deionized water at 65°C for 15 min.
Reverse transcription reactions were performed with 200 units of M-
MulLV reverse transcriptase (Gibco), 4 ml of 5 wmol/L reaction buffer
and 1 mmol/L deoxynucleoside triphosphate (ANTP) mixture for 1h
at 42°C. Polymerase chain reactions of 50 ml contained 1 ml of the
RT reaction product, 5ml of 10 wmol/L PCR buffer, 25 units Taq
polymerase, 1 ml of 10 mmol/L dNTP mixture, and 30 pmol of each
primer (Sangon). Primers, annealing temperature, product size, and
number of PCR cycles were depicted in Table I. The PCR products
were analyzed by 1.5% agarose (Biowest, Spain) gel electrophoresis,
visualized with ethidium bromide staining, and then quantified
using a bio-imaging analyzer (Bio-Rad). The density of the products
was quantified using Quantity One version 4.2.2 software (Bio-Rad).
GAPDH was used as an internal standard. mRNA from three
independent experiments were analyzed [Ding et al., 2007c].

WESTERN BLOT ANALYSIS

Cells were collected in RIPA buffer (containing 0.2% Triton X-100,
5mmol/L EDTA, 1mmol/L PMSF, 10 pg/ml leupeptin, 10 pg/ml
aprotinin, added with 100 mmol/L NaF, and 2 mmol/L Na;V0,) and

Gene Primer sequence (5'-3') Annealing temperature (°C) Product size (bp) Cycle
JP-2 Forward: GCCGCTTTGACTTTGATGAT 58 196 45
Reverse: TCCGTCTGCGTAGGTCTCC
Oct-4 Forward: AGGGATGGCATACTGTGGAC 60 73 35
Reverse: CCTGGGAAAGGTGTCCTGTA
Fgf-5 Forward: CAGAGTGGGCATCGGTTTC 58 466 35
Reverse: CTTCACTGGGCTGGGACTT
Branchy Forward:TGCTGCCTGTGAGTCATAAC 65 726 35
Reverse:AAGGGAGGACATTAGAGGTG
Afp Forward: CCATGTACATGAGCACTGTTG 57 300 35
Reverse: CTCCAATAACTCCTGGTATCC
Nkx-2.5 Forward: CAAGTGCTCTCCTGCTTTCC 54 136 35
Reverse: GGCTTTGTCCAGCTCCACT
Isl-1 Forward: GTT TGTACGGGA TCA AATGC 60 503 35
Reverse: ATG CTG CGT TTC TTG TCCTT
MEF-2C Forward: GATACCCACAACACACCACGCGC 60 197 38
Reverse: ATCCTTCAGAGAGTCGCATGCGCTT
GATA-4 Forward: TCTCACTATGGGCACAGCAG 54 135 33
Reverse: GCGATGTCTGAGTGACAGGA
B-MHC Forward: CTGCTGGAGAGGTTATTCCTCG 66 301 38
Reverse: GGAAGAGTGAGCGGCGCATCAAGG
Pgc-la Forward: AGAAGCGGGAGTCTGAAA 58 216 35
Reverse: CACAGGTGTAACGGTAGG
Nrf-1 Forward: ATCCAGACGACGCAAGCA 56 103 35
Reverse: TGGTGACAGTGGCTCCCT
Mfn-1 Forward: TCATTCTGAATAACCGTTGG 53 303 35
Reverse: TCACTGCTGACTGCGAGA
Mfn-2 Forward: AAGTCCGGGAAGCTGAAAGT 58 160 35
Reverse: TCTCGGTTATGGAACCAACC
GAPDH Forward: AACTTTGGCATTGTGGAAGG 58 223 25
Reverse: ACACATTGGGGGTAGGAACA
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lysed 30 min on ice. Protein concentration was assayed using the
Bio-Rad protein kit (Hercules, CA), and equal amounts of sample
were loaded per well on a sodium dodecyl sulphate (SDS)-
polyacrylamide gel. Subsequently, proteins were transferred onto
0.45 wm pore size positively charged nylon membranes (PVDF,
Millipore) and blocked with blotto (5% dry milk in PBS with 0.1%
Tween-20) at room temperature. The blots were challenged with
primary antibody in blotto overnight at 4°C, followed by washing
three times with PBST (0.1% Tween-20), and challenged with HRP-
conjugated goat anti-rabbit, rabbit anti-goat, or mouse anti-mouse
antibodies, respectively, followed by detection with an enhanced
chemiluminescent substrate (ECL, Pierce, Rockford, IL). As primary
antibodies, the mouse monoclonal anti-Troponin T (Santa Cruz) or
anti-a-Actinin (Sigma) or rabbit polyclonal anti-JP2 (Invitrogen) or
anti-RyR2 (Santa Cruz) or goat polyclonal anti-triadin (Santa Cruz)
or anti-CSQ2 (Santa Cruz) or anti-cav3 (Santa Cruz) were used [Ding
et al., 2007a].

IMMUNOCYTOCHEMISTRY ANALYSIS

Immunofluorescence was performed with whole outgrown EBs.
EBs were fixed with methanol at —20°C for 15 min, followed by
permeabilization in 0.1% Tween-20, then were blocked with 10%
FBS for 30min at room temperature and incubated in PBS
containing mouse monoclonal anti-Troponin T (Santa Cruz) or
anti-a-Actinin (Sigma) or rabbit polyclonal anti-JP2 (Invitrogen) or
goat polyclonal anti-triadin (Santa Cruz) or anti-calsequestrin2
(Santa Cruz) or anti-cav3 (Santa Cruz), rabbit polyclonal anti-RyR2
(Santa Cruz) overnight at 4°C, EBs were washed in PBS three times,
followed by incubation in blocking buffer containing Alexa
fluor 488-conjugated anti-mouse IgG (Invitrogen) or Alexa fluor
594-conjugated anti-rabbit IgG (Invitrogen) or Alexa fluor 594-
conjugated anti-goat IgG (Invitrogen). Fluorescence image was
performed by fluorescence inverted microscope [Muller et al., 2000;
Ding et al., 2008].

FLOW CYTOMETRY ANALYSIS

EBs obtained at day 17 of differentiation were dissociated to a
single-cell suspension by 0.25% trypsin-EDTA treatment. For
intracellular staining, cells were fixed with 4% paraformaldehyde
for 1 h and then treated with 10% FBS to block non-specificantigens.
EBs were incubated in PBS containing mouse monoclonal anti-
Troponin T (Santa Cruz) or anti-a-Actinin (Sigma) or rabbit
polyclonal anti-JP2 (Invitrogen) overnight at 4°C. After rinsing
in washing buffer, cells were incubated with Alexa fluor 488-
conjugated anti-mouse IgG (Invitrogen) or phycoerythrin-conju-
gated anti-rabbit IgG (Invitrogen) for 1h, and then suspended in
0.5ml 1% BSA and analyzed on a FACScan (Becton Dickinson,
Heidelberg). The fluorochrome was detected at 530 nm in the FL-1
and FL-2 channel. Each plot represented 10,000 viable cells (non-
viable cells were excluded from FACS analysis by appropriate
gating). Untreated cells and cells lacking primary antibody were
used as negative controls. In addition, isotype controls were used to
assess the level of non-specific antibody binding. All data analyses
were carried out using CellQuest software (Becton Dickinson)
[Muller et al., 2000; Li et al., 2005].

STATISTICAL ANALYSIS

OriginLab and GraphPad InStat software were used for statistical
analyses. Values are expressed as means + SD. Student’s ¢-test was
used for comparing paired and unpaired data from two populations,
and one-way analysis of variance (ANOVA) used for multiple group
comparisons. The value P<0.05 was considered statistically
significant.

siJP2 INFLUENCED INTACT MITOCHONDRIUM AND SR IN ESC-CMS
To explore whether knockdown of Jp2 expression by acute siRNA in
purified ESC-CMs resulted in mitochondrial dysfunction, we
evaluated the mitochondrial AWm, ultrastructure and the gene
expressions related the mitochondrium-SR interactions. We found
that siJp2 resulted in a shift toward low AWm after 2h transient
transfection (green) compared with that of si-ctr cells (red/orange),
and was reduced more than 60% in siJp2 ESC-CMs (Fig. 1A). This
indicated that the mitochondrium of siJjp2 ESC-CMs were
de-energized, which could be caused by mitochondrial electron
transport chain uncoupled from ATP production [Behbahani et al.,
2006]. Data we present here were the first evidence showing that Jp2
knockdown in ESC-CMs affects physiological functions of energy
production.

Ultrastructures of the rough SR and mitochondrium were further
analyzed in ESC-CMs. Compared to si-ctr cells, the cord-like
rough SR embeded around the mitochondrium disappeared in siJp2
cells, suggesting that Jp2 knockdown produced damage on the
intracellular organelles, e.g., swollen mitochondrium with degraded
cristae (Fig. 1B right), fragmented rough SR elements (Fig. 1B right,
arrowhead). Based on the evidences, we believed that the necessary
juxtaposition of the SR with mitochondrium is destroyed followed
by blocking Ca”" fluxes between the organelles.

Furthermore, we found that siJp2 reduced the expression of
peroxisome proliferator-activated receptor y coactivator-la gene
Pgc-1a, transcription factor regulating oxidative phosphorylation
enzyme gene Nrf-1 and GTP-dependent mitochondrial fusion gene
Mfn-2 after 48 h transient transfection, while expression of Mfn-1
was up-regulated (Fig. 1C), suggesting that the mitochondrial
function and mitochondrium-SR interactions were influenced by
acute siJp2. The responsive gene expression might contribute to the
mechanisms in mitochondrial dysfunction and juxtaposition of
mitochondrium with SR.

REDUCED MEF-2C TRANSCRIPTION AND DISRUPTED Ca**
TRANSIENTS IN siJP2 ESC-CMs

siJp2 in purified ESC-CMs resulted in JP2 sharp down-expression
(Fig. 2A). Notably, there was only Ca*" related hypertrophic markers
gene MEF-2C transcription increased by 20% in siJp2 ESC-CMs
after 48 h transient transfection, while little changed in expression
of other known markers of cardiac hypertrophy, such as GATA4,
B-MHC (Fig. 2B).

Whether Jp2 knockdown affected Ca’>* transients was further
evaluated in either spontaneously beating or non-beating ESC-CMs.
To evaluate total SR [Ca®*];, we measured the peak of RyR agonist
caffeine-induced [Ca®"]; transients. Representative tracing showed
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Fig. 1. Knockdown of JP2 expression by acute siRNA in purified ESC-CMs caused mitochondria injury and abnormal mitochondrial related genes expression. A: Mitochondrial
membrane potential (AWm) assessment of ESC-CMs by JC-1 staining. ESC-CMs were treated with siJp2 followed by JC-1 staining. Mitochondrial A¥m was specifically
indicated by a decrease in the red to green fluorescence intensity ratio (reduced more than 60% in siJp2 ESC-CMs). Scale bar = 25 um. B: Ultrastructures of the rough SR and
mitochondria were analyzed in ESC-CMs. (a) In the si-ctr cell, cord-like rough SR (arrowhead) embedded around the mitochondrium (M). (b) In the siJp2 cell, cord-like rough SR
disappeared, replacing with fragmented SR elements (arrowhead) and mitochondria showed swollen structures with degraded cristae. Scale bar = 2 pm. C: Effects of siJp2 on
mRNA expression of mitochondrial related genes. siJp2 cells reduced the expression of peroxisome proliferator-activated receptor y coactivator-1a gene Pgc-1e, transcription
factor regulating oxidative phosphorylation enzyme gene Nrf-1 and ATP-dependent mitochondrial fusion gene Mfn-2 after 48 h transient transfection, while expression of
Mfn-1 was up-regulated. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

that there was a change in SR Ca** content stability between si-ctr
and siJp2 beating cells, indicated by several lower and disorderly
amplitudes after transients in siJp2 cells. Caffeine-evoked [Ca®™;
transients recorded in si-ctr non-beating ESC-CMs appeared with a
sharp peak, suggesting that the ability of the SR Ca®" storage still
kept normal. In contrast, the same ability almost disappeared
in siJp2 ESC-CMs (Fig. 2C, upper). The relationship between L-type
calcium current (ICa) and [Ca®']; by Ca®"-induced Ca®" release
(CICR) kept almost normal rhythm in si-ctr beating ESC-CMs, but
disappeared in siJp2 group. Similarly, there was a change in CICR
between si-ctr and siJp2 non-beating ESC-CMs, indicated by a
single peak in si-ctr cell and several disorderly amplitudes after
transients in siJp2 cell (Fig. 2C, down).

CHARACTERIZATIONS OF JP2 IN CARDIOGENESIS OF ES CELLS

Beating phenotype was evaluated during cultivation from day 8 up
to 17 after EBs plating (Fig. 3A). JP2 expression was analyzed by RT-
PCR or western blot during the differentiation course (Fig. 3B1). The
result showed that both JP2 protein expression and beating EBs
percentage increased in a time-dependent manner from day 9 to 17.
Immunofluorescence microscopy was employed to reveal the
distribution of JP2, probing for merging of JP2 and sarcomeric
a-Actinin or Troponin-T in small clusters. The result showed a well

matched co-localization of JP2 with the cardiac proteins on day 17
(Fig. 3C). Furthermore, cells double-staining with JP2 and Troponin-
T or a-Actinin were analyzed quantitatively by FCS analysis on day
17. The results showed that 8.23 + 3.01% of cells stained positive for
Troponin-T and JP2, and 12.16 £ 1.86% for a-Actinin and JP2,
respectively (Fig. 3 B2), which was very close to the data in
spontaneously cardiac differentiation in our previous research [Ding
et al.,, 2008; Wo et al., 2008a].

EXPRESSION AND LOCALIZATION OF Ca**-HANDLING PROTEIN
COMPONENTS WITHIN EBS

The co-expression of triadin, RyR2, cav3, and CSQ2 with sarcomeric
a-Actinin or Troponin-T was evaluated in ESC-CMs. Co-localization
of all the proteins in sarcomeric structures were showed on day 17
(Fig. 3C). The results demonstrated that they occupied the
appropriate sites together with JP2 within maturing structures in
synchrony. The overall expression of proteins linking the develop-
ing organization was also analyzed in EBs. Interestingly, the
expression of CSQ2 and RyR2 appeared as early as beginning of the
differentiation and increased in a time-dependent manner. As to
triadin and cav3, surprisingly, they did not appear until the end
of differentiation (day 13-17) (Fig. 3D). It meant that JP2, together
with RyR2, a definite protein marker for SR, and cav3, a marker for
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Fig. 2. Knockdown of JP2 expression by acute siRNA in purified ESC-CMs
altered Ca?" flux and store Ca" levels. A: Western blot analysis showed that
the expression of JP2 was strongly decreased in Jp2-knockdown ESC-CMs.
Densitometric quantification of western blot against the indicated proteins,
value was corrected with GAPDH band intensity as a loading correction.
"P<0.01 versus si-ctr. B: Representative fluorescence recordings of
caffeine-evoked Ca®" transients or Ca”'-induced Ca>" transients. Whole
cell Ca®" transient was recorded with a cooled CCD camera mounted on
the microscope imaging using freshly isolated ESC-CMs loaded with fluo-4
AM. The temporal resolution of the line scan was a profile of total fluorescence
(arbitrary units) (left panel: Spontaneously beating ESC-CMs, right panel:
Non-beating ESC-CM:s). A total of 10 mmol/L caffeine and 8 mmol/L Ca>* was
added to the subpopulation of ESC-CM, respectively, (n=65) in Ca®"-free
medium (indicated by an arrow). C: Expression of "hypertrophic"” genes GATA4,
B-MHC, and MEF2C was evaluated by semi-quantitative RT-PCR after 48 h
siJp2 transfection of ESC-CMs. Only was up-regulation of MEF2C in the cells
seen. Data were represented as means & SD of three independent experiments.
Statistic significance was set as “*P< 0.01 versus si-ctr. [Color figure can be
seen in the online version of this article, available at http://wileyonlinelibrary.
com/journalfjcb]

t-tubules (TTs), sheared the terminal cisternae assembled from at
least two distinct membrane components in ESC-CMs. It suggested
that at the early developmental stages of cardiogenesis (day 5-9),
JP2 probably did not take a role in anchoring the SR to TTs.

DIFFERENTIATION TOWARD CARDIOGENESIS DISRUPTED IN siJP2
ES CELLS

siRNA was targeted Jp2 into either ES cells or the progeny to
investigate whether Jp2 deficiency had an impact on cardiogenesis.
The effect of siJp2 on beating phenotype was evaluated on day 17.
Notably, the percentage of spontaneously contracting EBs and
number of beating area were reduced by more than 60% in si/p2 EBs

(Fig. 4A). Tt suggested that reduced Jp2 expression in ES cells
markedly prevented cardiac differentiation indicated by beating
phenotype.

To verify whether this decrease also had an impact on
myofibrillogenesis, we evaluated the organization of the sarcomeric
proteins in EBs. As shown in Figure 4B, there was co-localization of
JP2 with either a-Actinin or Troponin-T sarcomeric structures on
day 9 or 17 cardiomyocytes differentiated from si-ctr ES cells,
respectively. In contrast, cardiomyocytes derived from siJp2 ES cells
showed a JP2 down-expression accompanied by disorderly
sarcomeric structure for a-Actinin and no interconnected network
of myofibrils for Troponin-T. Taken together, decreased Jp2
expression did have an effect on sarcomeric protein expression
followed by abnormal sarcomere formation in cardiomyocytes.

Based on above findings, we further investigated whether or not
Jp2 deficiency in ES cells had an impact on blastodermic layer
development and consequently, on the expression levels of
transcription factors known to be involved in cardiogenesis.
Transcription of the pluripotency marker gene Oct-4, epiblast
gene Fgf-5, mesoderm gene Brachyury, endoderm gene Afp, pre-
cardiac mesoderm gene Isl- 1, and cardiac progenitor cell gene Nkx-
2.5 were analyzed during early cardiac differentiation. Differentia-
tion toward mesoderm and cardiogenesis was typically determined
by the transcription of Brachyury, Isl-1, and Nkx-2.5. When
compared with si-ctr EBs, Jp2 knockdown group showed selectively
decreased Brachyury (day 0-8), Isl-1 (day 2-8), and Nkx-2.5 (day
4-8) transcription during the early differentiation stage. Oct-4
diminishing started from day 4, which meant that reduced Jp2
transcription did not influence ES cell differentiation. Fgf-5 showed
no reduction in the process of siJp2 ES cell cardiac differentiation
compared with that in si-ctr cells (Fig. 4C). Therefore, a sensitive
time window of Jp2 necessary in the early cardiac differentiation
was found.

JP2 is a membrane-binding protein that plays a key role in the
organization of the JMCs and maintenance of Ca’* homeostasis
[Takeshima et al., 2000; Minamisawa et al., 2004; Matsushita et al.,
2007]. In cardiac myocytes, mitochondrium and SR Ca*" cycling is
also of vital importance to cardiac cell function and embryonic
development [Rizzuto and Pozzan, 2006; Lukyanenko et al., 2009].
Thus, it is important to highlight the importance of JP2 related
mitochondrium-SR relationship in cardiac physiology.

In this study, we first employed a siRNA-based interference Jp2 to
investigate the effects of decreased JP2 on the mitochondrium statue
and mitochondrium-SR interaction in ESC-CMs. It was well known
that the normal mitochondrial function was partly driven by the
mitochondrial A¥'m. Maintenance of AWm was fundamental for the
normal performance and survival of cardiomyocytes which have a
high-energy requirement [Wallace, 1999]. We found that a low
mitochondrial AWm specifically appeared in siJp2 ESC-CMs at early
stage. This indicated the de-energized statue of mitochondrium
caused by mitochondrial electron transport chain uncoupled from
ATP production [Behbahani et al., 2006]. Most studies implicated
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Knockdown of JP2 expression by siRNA in ES cells impaired beating function and sarcomeric protein expression in ESC-CMs as well as gene expression towards

mesoderm and cardiogenesis. A: Beating phenotype was evaluated on day 17 after EBs plating. Jp2 knockdown decreased either beating rate or number of beating area in EBs.
***P<0.001 versus si-ctr. Identical results were obtained from three independent experiments. B: Immunocytochemistry showed co-localizations (orange) of a-Actinin (a) or
Troponin-T (b) sarcomeric structures (green, arrow) with JP2 (red) in day 9 or day 17 ESC-CMs. Abnormal sarcomeric structures accompanied by little JP2 expression in Jp2
knockdown cells (a', b*). Nuclei were stained with DAPI (blue). C: Expressions of the pluripotency marker gene Oct-4, epiblast gene Fgf-5, mesoderm gene Brachyury, endoderm
gene Afp, pre-cardiac mesoderm gene Is/-1, and cardiac progenitor cell gene Nkx-2.5 were analyzed during early cardiac differentiation by semi-quantitative RT-PCR. GAPDH
was used as a control. Differentiation towards mesoderm and cardiogenesis was determined by expression of Brachyury, Isl-1, and Nkx-2.5. Jp2 knockdown selectively decreased
Brachyury, Isl-1 and Nkx-2.5 expression. A Jp2 gene necessary sensitive time window (day 2-4) during cardiac differentiation was demonstrated. Jp2 gene controlled the
differentiation of ESCs into cardiac muscle, as well as mesoderm at early stage. “P< 0.05, **P < 0.01 versus si-ctr. Identical results were obtained from three independent
experiments. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

that Pgc- 1 was essential for the cardiac adaptive energy metabolic
and triggered the coordinate activation of nuclear and mitochon-
drial genes Nrf-1 which could drive mitochondrial biogenesis [Ding
et al., 2007b; Shao et al.,, 2010]. It was also reported that
mitochondrial biogenesis involved a Ca®"-dependent pathway
[Mercy et al., 2005]. Thus, together with decreased Pgc- 1« and Nrf-1
transcription in the present study, we considered that low A¥m
caused by siJp2 could be an early event in mitochondrial Ca®*

influenced energy production in siJp2 ESC-CMs, which might
further impact the mitochondrial energy metabolic and juxtaposi-
tion of the mitochondrium and SR.

de Brito and Scorrano [2008, 2009] had found that the dynamin-
related protein Mfn2 tethered the mitochondrium to SR, and
juxtaposition of the mitochondrium and SR provided a privileged
pathway for shuttling Ca®" between them in a manner that obviated
a more general and hence less specific bulk cytoplasmic Ca®" rise.
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Therefore, our finding further revealed that loss of JP2 markedly
disrupted the juxtaposition of mitochondrium with SR, indicated by
acutely reducing Mfn2 transcription followed with the abnormal
ultrastructure of mitochondrium and SR, for example, swollen
mitochondrium with degraded cristae, fragmented rough SR
elements. Ultrastructural defects of intracellular organelles further
suggested the mitochondrial dysfunction which might cause
energy depletion and the disruption of Ca** homeostasis in siJp2
cardiomyocytes.

It had been demonstrated that mitochondrial Ca** transport
played a key role in the regulation of cardiac cell function [Rizzuto
and Pozzan, 2006; Lukyanenko et al., 2009]. The mitochondrial Ca®"

uptake from SR was crucial for mitochondrial physiological
function. Here we found that reduced Jp2 expression led to
abnormal RyR2 activation and CICR. The peak amplitude of Ca®*
current through the cav3 in whole-cell Ca®" transient by CICR
disappeared after siJp2, which suggested that JP2 selectively
disrupted the link between L-type calcium current (ICa) and [Ca®'];.
Caffeine-evoked [Ca®"]; transients in si-ctr ESC-CMs appeared with
a sharp peak, suggesting that the ability of the SR Ca*" storage still
kept normal, while the same ability almost disappeared in siJp2
ESC-CMs. This was similar with the result of a recently research
about JP2 expression knockdown could cause abnormal intracellu-
lar calcium-handling in mouse atrial cardiomyocytes tumor lineage
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reduced beating activity in EBs (left box). [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

HL-1 cells or ventricular myocytes from «a-MerCreMer-JP2
knockdown mice [Landstrom et al., 2011; van Oort et al., 2011],
but different in the mode (increase incidence of spontaneous SR
Ca®" release [van Oort et al., 2011] or increase basal Ca** level
[Landstrom et al., 2011]). Our results further demonstrated that Jp2
knockdown affected Ca®" transients of SR in ES-CMs, which might
take direct responsibility for the mitochondrial dysfunction.

Furthermore, irregular intracellular Ca®" signaling could inter-
fere with Ca®>"-dependent enzyme system and gene expression. Our
finding revealed that siJp2 was directly responsible for increase in
cell size and MEF-2C transcription in ESC-CMs. MEF-2C was a key
transcription factor for cardiac hypertrophy which integrated
multiple Ca?*/calmodulin-dependent signaling pathways in cardi-
omyocytes [Kolodziejczyk et al., 1999; Xu et al., 2006]. As was
known that Jp2 genes mutation and mitochondrial dysfunction was
closely associated with cardiac hypertrophy [Dai et al., 2011], thus,
reduced MEF-2C transcription further established the link between
mitochondrial dysfunction and abnormal SR Ca®" transient which
caused by siJp2. Its cascade reaction between Jp2 and MEF-2C
should be considered to explore in next research.

Based on our knowledge, this was the first time we demonstrated
that decreased JP2 expression interfered with juxtaposition of
mitochondrium and SR. Mitochondrial dysfunction in siJp2 ESC-
CMs was more likely caused by Ca®>* homeostasis disorder in SR,
accompanied by Ca** related cardiac hypertrophic gene expression.
Therefore, we concluded that the deficiency of functional crosstalk
between mitochondrium mitofusin and SR was partly due to
abnormal Ca®" transients caused by siJp2. In the siJp2 ESC-CMs,
both mitochondrial dysfunction and Ca*' related abnormalities
might contribute to the embryonic lethality.

Takeshima et al. [2000] had reported that genetic ablation of JP2
resulted in embryonic lethality, most likely for the absence of
cardiac contractility around embryonic day 10.5. It seemed that JP2
played an important role in the heart development. We therefore
further investigated the effects of siJp2 on the cardiogenesis from ES
cells, so as to understand the developmental events and to predict
and control their differentiation for the use in cardiovascular repair.
We found that mesoderm gene Brachyury (day 0-8), pre-cardiac
mesoderm gene Isl-1 (day 2-8), and cardiac progenitor cell gene

Nkx-2.5 (day 4-8) transcription were selectively inhibited
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after siJp2 in ES cell, followed with abnormal sarcomere formation,
indicating that Jp2 gene might control the fate of ES cell
differentiation toward mesoderm differentiation and cardiac muscle
formation at the early stage. Both the organization and co-
localization of the sarcomeric structures with JP2 was seriously
spoiled in siJp2 group, meanwhile, beating phenotype was markedly
abnormal contrast with the negative control. It had been reported
that Ca®"-mediated activation of calcineurin and NF-AT3 interacted
with GATA-4 to activate a discrete set of cardiogenesis genes such as
B-MHC, indicating the importance of Ca®" signal during cardiac
development [Tallini et al., 2006] [Morkin, 2000]. Thus, our data
demonstrated that JP2 was an essential component of the sarcomeric
structures, which would be disorder for the loss of JP2; decreased
JP2 expression selectively affected sarcomeric protein, indicated by
abnormal sarcomere formation and reduced beating function, one of
the hallmarks of congestive HF. It was concord with the result that
mutant mice lacking JP2 exhibited embryonic lethality [Takeshima
et al., 2000]. Therefore, it was important to highlight that Jp2 took a
key role as early as the differentiation, and the existence of sensitive
time window of Jp2 necessary in cardiac differentiation. Unfortu-
nately, we did not evaluate the statue of mitochondrium during
cardiogenesis, which could be affected by siJp2 and of vital
importance. This should be considered to explore in next study.

In the present research, protein components (JMCs such as cav3,
triadin, CSQ2, and RyR2) contributing to cellular Ca*"-handling
were also investigated in the process of cardiogenesis. JMCs were
often useful targets for various research purposes [Fu et al., 2006],
and their developmental information was especially valuable for
regeneration medicine. Our data showed that the cav3 in TTs not
fully mature until late differentiation period, but the expression of
triadin, CSQ2, RyR2, and JP2, appeared early and increased in a
time-dependent manner. JP2, together with RyR2, the protein
marker for SR, and cav3, the marker for TTs, sheared the terminal
cisternae assembled from at least two distinct membrane compo-
nents in ESC-CMs. This finding further confirmed that JP2 played
other roles during the cardiac differentiation, in addition to
anchoring the SR to the TTs.

In conclusion, our finding revealed that reducing JP2 expression
in ESC-CMs resulted in injured mitochondrium status partly for the
abnormal cellular Ca** homeostasis; a sensitive time window of Jp2
necessary in cardiac differentiation was found and Jp2 controlled
the cardiogenesis of ES cells in an extra non-TTs/SR anchor-
dependent manner (Fig. 5). Therefore, targeting JP2 and its effective
partners might represent a new therapeutic strategy for the
treatment of heart disease, and the ESC-CMs showed similar
characterization of JP2 in adult cardiomyocytes, further proved
could be used in cell-based regenerative strategy for HF.
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