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enhances the proliferation of iPSC-derived
cardiomyocytes via FAK/JNK signaling
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Abstract

Background: We previously reported that the pluripotent stem cells can differentiate into cardiomyocytes (CMs) by
co-culture with neonatal CMs (NCMs) in vitro. However, the involving mechanism is not clear.

Methods: Mouse induced pluripotent stem cells (iPSCs) were cultured in hanging drops to form embryoid bodies
(EBs) and to induce myocardial differentiation. Co-culture of EBs and NCMs was established in a transwell insert
system, while EBs grown alone in the wells were used as controls.

Results: Co-culture with NCMs markedly increased the generation of functional CMs from iPSCs. The focal adhesion
kinase (FAK) phosphorylation, and c-Jun N-terminal kinase (JNK) phosphorylation in co-culture were higher than
that in EBs grown alone. Treating FAK small interfering RNA (FAK siRNA) or specific inhibitor for JNK (SP600125) to
iPSCs significantly reduced the phosphorylation of JNK and the expressions of Mef2c and Bcl-2. The expressions of
cTnT and MLC-2V were also decreased. Our results revealed that co-culture with NCMs significantly enhance the
differentiation ability of iPSCs by increasing Mef2c and Bcl-2 expressions concomitantly with a marked augment on

cell proliferation through JNK signaling pathways.

Conclusions: These findings indicated that co-culture of EBs with NCMs induces genes expressed in a mature
pattern and stimulates the proliferation of iPSC-derived CMs (iPS-CMs) by activating FAK/JNK signaling.
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Background

Induced pluripotent stem cells (iPSCs) can differentiate
into cardiomyocytes (CMs) with cardiac-specific mo-
lecular, structural, and functional properties [1, 2]. iPSC-
derived CMs (iPS-CMs) have ionic currents and channel
gating properties that are quantitatively similar to those
reported for human cardiac myocytes [3]. These iPS-
CMs are an important source of CMs for regenerating
injured myocardium. However, the successful use of iPS-
CMs in cardiac tissue engineering requires an under-
standing of the important scaffold properties and culture
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conditions to promote cell attachment, differentiation,
organization, and contractile function.

Previously, we had investigated the effect of in vitro
cardiac microenvironment on the development and dif-
ferentiation of embryoid bodies (EBs) and had estab-
lished a novel embryonic stem cell (ESC) differentiation
model that can reproduce the process of cardiovascular
development and promote ESC differentiation [4]. How-
ever, the involving mechanism is not clear. Interestingly,
we found that the expression of focal adhesion kinase
(FAK) is induced concurrently with the emergence of
cardiovascular progenitor cells during myocardial differ-
entiation. The FAK is a tyrosine kinase that is activated
in response to integrin-matrix interactions, which plays
a central role in the regulation of cell proliferation, sur-
vival, differentiation, and migration [5]. Tyr**’ is a major
autophosphorylation site in the central catalytic domain
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of FAK. Integrin-matrix interaction signalling at the cell
membrane leads to phosphorylation of FAK at Tyr*®’
with subsequent binding of Src and second-step phos-
phorylation of FAK at Y576/577 [6]. It is reported that
the FAK is a key regulator of cardiogenesis in mouse
ESCs [7], but the detailed mechanism that the FAK in-
volves in induce myocardial differentiation in pluripotent
stem cells is still unclear. c-Jun N-terminal kinase (JNK),
plays a critical role in the induction of gene transcrip-
tion, has been reported to be the downstream effector of
FAK [8]. It is reported that JNK plays a key role in the
differentiation of ESCs [9]. However, the involving
mechanism of FAK/JNK signaling in the development of
pluripotent stem cells is not clear. Here, based on previ-
ous work, we sought to determine the mechanism of
local microenvironments and FAK/JNK that influences
the development of iPSCs.

Methods

The culture of iPSCs

Mouse iPSCs (miPSCs), carrying a transgenic Oct4-GFP*
promoter, were kindly provided by Prof. Duanqging Pei
(Chinese Academy of Sciences) [10]. Undifferentiated
miPSCs were cultured on a mitotically inactivated mouse
embryonic fibroblast (MEF; 50,000 cells/cm?) feeder layer
as described previously [11]. The culture medium con-
sisted of 85 % knockout high-glucose DMEM with sodium
pyruvate, supplemented with 15 % serum replacement,
2 mM GlutaMAX, 0.1 mM nonessential amino acid stock,
0.1 mM PB-mercaptoethanol (all from Invitrogen, Carlsbad,
CA), and 1000 U/ml murine leukemia inhibitory factor
(Chemicon, Temecula, CA). The culture medium was
changed daily, and the cells were passaged every 2—3 days
to maintain their undifferentiated state.

Before the initiation of EB formation and differentiation,
the iPSC colonies were passaged up to 3 times on gelatin-
coated dishes without feeder cells to eliminate contamin-
ating MEFs. Before EB induction, adherent cells were
enzymatically dissociated into single cells using 0.05 %
Trypsin-EDTA (Invitrogen). Then the iPSCs were cultured
in hanging drops (400 cells per 20 pl) for 2 days to form
uniform-sized EBs.

After pipetting the drops (20 pL) onto lids, lids were
placed back on 6- or 12- well plates containing 0.5 ~
1 mL/well of differentiation medium to prevent drying
out of hanging drops. Each time there were 50 EBs
formed in a 6- or 12- well plate. Each EB is basically
contain the same number of cells before their differenti-
ation. On Day 3 of a hanging drop culture, the cell ag-
gregates were transferred and cultured in suspension in
cell culture flasks (BD Bioscience) with differentiation
medium for 2-3 days. 5- or 6-day-old EBs were carefully
transferred to 6- or 12- well plates coated with 0.1 %
gelatin and continuously cultured in differentiation
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medium. The differentiation medium was based on
high-glucose DMEM and supplemented with 20 % ES-
qualified fetal bovine serum (Gibco), 2 mM GlutaMAX,
0.1 mM nonessential amino acids, and 0.1 mM p-
mercaptoethanol.

Indirect co-culture model
For co-culture, neonatal CMs (NCMs) were obtained
from neonate mouse ventricle as our previous description
[4]. Animal experiments were approved by the Laboratory
Animal Ethics Committee of the Fourth Military Medical
University and were conducted in accordance with na-
tional guidelines for the care and use of laboratory ani-
mals. Myocyte isolation was conducted in accordance to
Institutional Animal Care and Use Committee Guidelines.
The NCMs were isolated from 1-day-old aMHC-GFP
transgenic mice (from our laboratory). The CMs, which
expressed GFP, were sorted from the mixed cells by
reporter-based fluorescence-activated cell sorting (FACS)
as previous description [4]. The sorted NCMs were co-
cultured with EBs in DMEM supplemented with 20 % ES
cell-qualified FBS (Gibco), 2 mM GlutaMAX (Invitrogen),
0.1 mM nonessential amino acid (Invitrogen) at a density
of 2 x10* ells/cm® Mouse embryo fibroblasts (MEFs), a
very common cell line, were obtained from our laboratory.
The Millicell” hanging cell culture inserts (PET mem-
branes with 1 um pores) (Millipore, Bedford, MA, USA)
are especially used for co-culture. 5- or 6-day-old EBs
were transferred to the 6- or 12- well plate coated with
0.1 % gelatin, then the inserts were placed in some well
of the 6- or 12- well plate followed by NCMs or MEFs
seeding on the upper compartment (insert) to stay phys-
ically separated from the subnatant EBs. Culture
medium was the differentiation medium and changed
every day.

MTT assay

Briefly, iPSCs at a concentration of 2 x 10* cells/cm?
were cultured for 1-16 days in 12-well plates, 100 ul of
MTT solution (5 mg/ml in PBS) was added to each well,
and the cells were incubated at 37 °C in a humidified at-
mosphere of 5 % CO2 for 4 h. Then, the medium was
aspirated, and 500 pL of dimethyl sulfoxide was added
to dissolve the blue crystals that formed in the cells.
After being jolted by the shaker for 15 min, 100 ul of the
solution was transferred to a 96-well plate. The optical
density (OD) values were determined with a Bio-Rad
Model 680 microplate reader at a wavelength of 570 nm.
Three replicates were read for each sample, the mean
value of 3 was used for final result.

Semi-quantitative reverse transcription-PCR
Total RNA was extracted using an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) from mouse iPSC-derived
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EBs on days 6, 12, 16, and 20; cDNA was synthesized
using a RevetAid™ First Strand cDNA Synthesis Kit. The
resulting ¢cDNA (100 ng) was amplified by PCR using
specific primers. Primer sequences are listed in Table 1.

The RT-PCR was performed with GAPDH mRNA as a
normalizing internal control. Thermal cycling (in 20 pL)
was performed as follows: a 3 min denaturation at 95 °C,
30 cycles of 94 °C for 30 s, 59 °C for 30 s and 72 °C for
1 min, and a final extension for 6 min at 72 °C. PCR
products were resolved by electrophoresis on 1.5 % agar-
ose gels. They were visualized by UV transillumination
and photographed. Semi-quantitative analysis was done
by Alphaview 1.3 software (Alpha Lnnotech Inc.).

Real-time quantitative PCR

Real-time quantitative PCR (qPCR) was performed as
described previously [12]. Briefly, the processes of RNA
extraction and reverse transcription of RNA were the
same to semi-quantitative RT-PCR. The qPCR amplifica-
tion reactions were performed in a final volume of 20 pL
containing 200 ng ¢cDNA, 10 pL of 2x iQSYBR-green
mix (Takara, Japan), 300 nmol of each primer using a
Bio-Rad CFX96. Thermal cycling was performed as fol-
lows: a 5 min denaturation at 95 °C, 40 cycles of 95 °C
for 15 s, 59 °C for 30 s and 72 °C for 30 s. Specificity of
amplification was determined by DNA melting curve
during gradual temperature increments (0.5 °C).

Confocal microscopy

Cells were fixed in 4 % paraformaldehyde for 30 min,
permeabilized for 15 min with 0.25 % Triton X-100, and
blocked in 5 % BSA for 15 min. The cells were then incu-
bated with the corresponding primary antibodies for 4 h at
room temperature. Primary antibodies (1:200 dilutions)
included anti-MLC-2 V, anti-a-actinin, anti-Ki67, anti-
connexin 43 (Cx43) (rabbit polyclonal, Abcam) and mouse
anti-cardiac troponin T (cTnT) (Abcam). After adequately
washed with PBS, cells were incubated at room temperature

Table 1 Primers for reverse transcription polymerase chain

reaction
Gene Direction  Sequences
Mef2c (NM_025282) Forward ~ AGATACCCACAACACACCACGCGCC

Reverse  ATCCTTCAGAGAGTCGCATGCGCTT
cTnT (NM_001130176)  Forward ~ CAGAGGAGGCCAACGTAGAAG
Reverse  TCGATCAGAGTCTGTAGCTCATT
MLC-2V (NM_010861)  Forward ~ AAAGAGGCTCCAGGTCCAAT
Reverse  CCTCTCTGCTTGTGTGGTCA
BLC-2 (NM_009741.3)  Forward ~ CGATTGTGGCAGTCCCTTA
Reverse CCAGGATGAAGTGCTCAGGT
GAPDH (NM_008084)  Forward ~ TGTGTCCGTCGTGGATCTGA
Reverse  TTGCTGTTGAAGTCGCAGGAG
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for 1 h to corresponding FITC-conjugated anti-rabbit or
Cy3-conjugated anti-mouse antibodies (Abcam, 1:200 dilu-
tion). DAPI (Invitrogen, 1:1,000 dilution) staining was used
to identify nuclei. Analysis was performed using a confocal
microscope (FV1000, Olympus).

Western blot

Cellular lysates were prepared as described previously [13].
Proteins were resolved using SDS-PAGE and transferred
to immobilon polyvinyldi-fluoride membranes (Millipore,
Billerica, MA, US). The membranes were blocked with
4 % BSA for 1 h at roomtemperature and then probed with
rabbit antibodies against mouse phosphorylated FAK (p-
FAK), FAK, phosphorylated JNK (p-JNK), INK, or B-actin
(Cell Signaling Technology, 1:1000) for 1 h at room
temperature. After three washes, the blots were incubated
with a goat anti-rabbit peroxidase-conjugated secondary
antibody (1:3000) for 1 h at room temperature. The blots
were visualized with enhanced chemiluminescence and ex-
posed in DOCXRS" (Bio-Rad, American). Then, proteins
were quantitatively determined by densitometry using
Image Lab V4.1 software.

Small interfering RNA for FAK

FAK small interfering RNA (FAK siRNA) (Santa Cruz,
CA) is target-specific 19-25 nt siRNAs designed to
knock down gene expression. iPSCs were transfected
with 3 nmol of FAK siRNA as described previously [14]
with minor changes. Transfection of siRNA into iPSCs
was carried out in a 6-well plate using transfection re-
agent according to the manufacturer’s protocol (Santa
Cruz Biotechnology). The medium was removed 6 h
after transfection followed by the addition of 3 ml fresh
medium. Control siRNA is a siRNA sequence that will
not cause the specific degradation of any cellular mes-
sage. After siRNA transfection, the p-JNK in the whole
cell lysates was determined by western blot assay and
the mRNA expression of Mef2c, Bcl-2, ¢cTnT and MLC-
2V was determined by a RT-PCR.

Statistical analysis

The experiment was repeated at least three times. All
values are presented as mean + SEM. Statistical signifi-
cance for two comparisons was evaluated by the Stu-
dent’s paired or unpaired ¢ test (two-tail). One-way
ANOVA followed by Newman Keuls test was used for
multiple comparisons. Differences with p <0.05 were
considered statistically significant.

Results

Myocardial differentiation of iPSCs

iPSCs were cultured with feeder cells in the mentioned
iPSC medium. Figure la shows undifferentiated iPSC col-
onies with Oct4-GFP". In vitro myocardial differentiation
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Fig. 1 (See legend on next page.)
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Fig. 1 Myocardial differentiation of induced pluripotent stem cells (iPSCs) in the indirect co-culture model. a the culture of undifferentiated iPSC
colonies with Oct4-GFP* expression (green) on feeder cells. b The indirect co-culture system: a facile cell expansion and stem cell differentiation
system with continuous medium conditioning while preventing mixing by hanging culture inserts. Two cell populations that are co-cultured in
different compartments (insert and well) but can communicate via paracrine signaling through the pores of the membrane. ¢, d, e show the
development of embryoid bodies (EBs) from 5 to 10 days in grown alone, co-culture with mouse embryo fibroblasts (MEFs), and co-culture with

neonatal cardiomyocytes (NCMs) (c, 5-day-old EB cultured in suspension. d, 7-day-old EB. e, 10-day-old EB). Hanging inserts removed when
photographed). There are few remaining GFP+ colonies (green) after 10 days. Scale bar =300 um

of iPSCs was induced using a co-culture model established
in our laboratory (Fig. 1b). In the co-culture model, the
MEFs or NCMs were seeded on 12- well hanging cell cul-
ture inserts to prevent direct contact with the subnatant
EBs. During the differentiation process, serial phenotypic
changes of EBs were analyzed (Fig. 1c, d, e). Initially, these
bodies were formed by hanging drop culture and largely
composed of densely packed iPSCs, creating simple EBs.
After cultured in suspension 2—-3 days, the EBs adhered to
plates and the center of the bodies became cavitated. The
oct4-GFP" colonies began to decrease, even to disappear,
during differentiation process. From day 8 onwards, spon-
taneously contracting cells appeared as clusters in out-
growths from the EBs (see Additional files 1 and 2),
suggesting the occurrence of functional CMs in EBs, that it
is iPS-CMs. The properties of iPS-CMs may be relatively
immature, that the phenotype of CMs within the contract-
ing EBs, comprised of atrium-like, ventricle-like, and node-
like cells, may be diverse [15]. More percentage of beating
EBs were observed in NCM co-culture (Fig. 2). However,
the percentage of beating EBs in MEFs co-culture was
similar to the EBs grown alone. So we further study the
myocardial differentiation in NCM co-culture, while EBs
grown alone or MEF co-culture were used as a control.

Co-culture increased the proliferation of iPS-CMs
RT-PCR showed high expression levels of Mef2c, ¢TnT,
and MLC-2V in the co-culture on days 6, 12, 16, and 20

(Fig. 3a). Real-Time PCR revealed that the Mef2¢c, ¢TnT,
and MLC-2V have increased expressions during the dif-
ferentiation process in the co-culture. Compared with
the control, Mef2c expression (Fig. 3b) was significantly
enhanced on days 12, 16 and 20, while ¢InT expression
(Fig. 3c) and MLC-2V expression (Fig. 3d) were grad-
ually increased during the differentiation process. How-
ever, late-term cultured cells had a rate of apoptosis that
results in a decreased gene expression after day 20.
Immunohistochemical analysis of iPS-CMs showed
that the expression and distribution of the cardiac-
specifc proteins ¢TnT, MLC-2 V, and a-actinin, was
more obvious than that in the control. In addition, con-
nexin 43 (Cx43) was expressed at cell-to-cell contacts in
cardiac clusters, and Cx43 staining indicated the pres-
ence of gap junctions between cells in cardiac clusters.
More mature sarcomere can be found in the co-culture
(Fig. 4a, b, ¢). In order to check whether co-culture
could affect the proliferation of EBs, MTT assay was per-
formed. The growth of the EBs in co-culture was signifi-
cantly better than that in control after day 6 (Fig. 4d).

The signaling pathways of FAK and JNK are involved in
the differentiation of iPSCs

To investigate whether the enhanced CM generation of
iPSCs was related to the phosphorylation of FAK, we
performed western blot to examine the p-FAK on day
12. In the co-culture, phosphorylation of FAK at tyrosine

50

Number of beating EBs (%)

6 8 10 12
Day of Differentiation

Fig. 2 Effect of co-culture on the differentiation efficiency of iPSCs. Time course quantification of spontaneous beating activity of differentiated
CMs was expressed as the percentage of beating EBs. *: P < 0.05 versus control or MEFs co-culture
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Fig. 3 The effects of co-culture on the myocardial differentiation. Reverse Transcription-PCR analysis of cardiac marker genes (Mef2c, Cardiac
Troponin T, and MLC-2 V) during the myocardial differentiation of induced pluripotent stem cells (iPSCs) (days 6-20). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a normalizing internal control. a, the results of Semi-quantitative RT-PCR. b, ¢, d show the quantitative
analysis of cardiac marker gene expression: relative expression over the control at day 6. (b, Mef2c. ¢, Cardiac Troponin T. d, MLC-2 V). **: p < 0.01
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397 sites (p-FAK Tyr397) was increased signifcantly. To
further study the mechanisms, the phosphorylation of
JNK were examined and we found that the p-JNK was
also upregulated in iPS-CMs (Fig. 5a).

Furthermore, the iPSCs were transfected with FAK
siRNA (Santa Cruz Biotechnology), or treated with spe-
cific JNK inhibitor (SP600125, Selleck, USA, 20 uM).
The double immunostainings for ¢TnT and CX43 indi-
cates that the differentiation of iPSCs were attenuated by
FAK siRNA or SP600125 (Fig. 5b). Cells transfected with
FAK siRNA expressed lower levels of FAK protein than
controls. In addition, the p-JNK protein level was also
reduced dramatically by FAK siRNA, by 87.4 % (Fig. 5c).
These results indicate the successful transfection of FAK
siRNA into iPSCs targeting down-regulation of p-JNK
protein.

CM proliferation were reduced by JNK inhibitors

We next used a RT-PCR assay to investigate the inhibi-
tory effect of FAK or JNK on the mRNA levels of Mef2c,
c¢InT, MLC-2 V and BCL-2, to further confirm FAK/
JNK pathways were involved in myocardial differenti-
ation. The expression of cardiac-specifc molecules such
as Mef2c, ¢TnT, and MLC-2 V was decrease by inhibi-
tory of FAK or JNK (Fig. 6a, b, ¢, d). In addition, the
Bcl-2 expression were also significantly decreased after

treated with FAK siRNA or SP600125 (Fig. 6e). These
results reveal that JNK might have an effect on the myo-
cardial differentiation.

An alternative explanation to the higher number of
iPS-CMs in the co-culture compared with those EBs
grown alone may be related to alteration of the prolifera-
tive capacity of the iPS-CMs. To quantify this aspect, we
performed double immunostainings for Ki67 (a marker
for cycling cells) together with ¢InT (Fig. 7a). The per-
centage of proliferating iPS-CMs in the co-culture (10.4 +
1.2 %) was higher than those of the control (7.9 +1.1 %)
(P <0.05), while the FAK siRNA resulted in 4.1 +0.5 %
proliferating iPS-CMs (P < 0.01) and SP600125 resulted in
1.8 £ 0.2 % proliferating iPS-CMs (P < 0.01) (Fig. 7b).

Discussion

Previously, many reports suggest that co-cultured stem
cells with other cell line results in significantly altered
phenotype and differentiated characteristics [16—18].
Here, co-culture of EBs and NCMs was established in a
transwell insert system, while EBs grown alone as con-
trols. We used the co-culture model instead of condi-
tioned medium to treat the EBs and found that iPSCs
can efficiently differentiate into CMs. The expression
levels of Mef2c, cTnT, and MLC-2V were higher in the
co-culture during differentiation process. Mef2c is a
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Fig. 4 Expression of cardiac specific proteins in induced pluripotent stem cell-derived cardiomyocytes (iPS-CMs) on day 12. a, double immuno-
staining of cells by antibodies against cTnT (red) and CX43 (green). b, double immunofluorescent staining for cTnT (red) and MLC-2 V (green),

¢, double immunofluorescent staining for cTnT (red) and a-actinin (green). Nuclei in the same field were stained with DAPI (blue). Merged
figures were made by FV10-ASW Systems. d, growth curves of cells in co-culture and control analyzed by a MTT assay. The growth of the cells in
co-culture was significantly better than that in control after day 6. Scale bar =20 um,*: P < 0.05 versus control, **: P < 0.01 versus control

transcription factor of cardiac myogenesis and right ven-
tricular development [19]. ¢cInT and MLC-2V are cardiac
specific structural proteins. As described previously [20],
c¢TnT, MLC-2V anda-cardiac actin are the markers of CM
maturation during the differentiation of embryonic stem
cells into CMs. The increased expression levels of Mef2c,
¢TnT, and MLC-2V indicate an efficient myocardial differ-
entiation in co-culture. The cardiac-specifc proteins, such
as ¢cI'nT, MLC-2V, a-actinin, and CX43, were more obvi-
ous than that in the control. In addition, the growth of the
cells in co-culture was significantly better than that in
control after day 6. These results indicate NCM co-
culture increased the differentiation and proliferation of
iPS-CMs.

Paracrine factors released from the cells should play a
major role in cell communication on the signalling pro-
cesses for cell growth and development. In vivo, trans-
plantation of stem cells into heart resulted in cardiac
differentiation. In infarcted myocardium, grafted stem
cells differentiated into functional CMs integrated with
surrounding tissue, improving contractile performance.
The transplanted stem cells are directed to differentiate
into CMs by signaling mediated through a cardiac para-
crine pathway. In vitro, the NCMs may provide a cardiac
paracrine pathway that induced a cardiac phenotype in
stem cells that just like in vivo. The medium in co-
culture may contain more cytokines and growth factors
e.g. tissue inhibitor of metalloproteinase-1, vascular
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Fig. 5 Focal adhesion kinase (FAK) and c-Jun N-terminal kinase (NK) are involved in coculture-mediated myocardial differentiation. a, the phosphorylation
of FAK and JNK were performed. b, cells were transfected with FAK siRNA or treated with specific JNK inhibitor (SP600125), the double immunostainings
for cTnT (red) and CX43 (green) was examined, nuclei in the same field were stained with DAPI (blue). Note the presence of gap-junctions (immunostaining
for Cx43, green) at the interphase (arrow heads) between the cells. ¢, West blot showed that the cells transfected with FAK siRNA expressed lower levels of
FAK protein than controls. In addition, the p-JNK protein level was also significant decreased after transfected with FAK siRNA, compared to the control at
the same time. Scale bar =100 um, *: P < 0.05 versus control, #: P < 0.01 versus control
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Fig. 6 The effects of focal adhesion kinase (FAK) siRNA or SP600125 on myocardial differentiation. a, the expression of Mef2c, cTnT, MLC-2 V and
BCL-2 after pretreation of FAK siRNA or SP600125 was examined by RT-PCR. b, ¢, d, e, the quantitative analysis on Mef2c, cTnT, MLC-2V, and Bcl-2
expressions after pretreation of FAK siRNA or SP600125 by a real-time PCR. *: P < 0.01 versus control, **: P < 0.01 versus co-culture

endothelial growth factor, macrophage inhibitory factor,
fibronectin and connexin 40 [21, 22]. Mechanistically,
the paracrine factors may active FAK/JNK signaling in
EBs showed a higher level of FAK-phosphorylation. The
interaction between iPSCs and NCMs led to a modified
gene expression and induction of proliferation.

FAK is an integrin-associated protein tyrosine kinase
that is important in cell-cell interactions, which plays a
central role in the regulation of cell proliferation, sur-
vival, differentiation, and migration [5]. Previously, we
found that FAK expression is induced concurrently
with the emergence of CM progenitor cells during

differentiation of iPSCs, which were consistent with the
previous report that FAK plays an essential role in
chamber outgrowth and looping morphogenesis during
multi-chambered heart formation [23, 24]. In the co-
culture with NCMs, phosphorylation of FAK at tyrosine
397 sites (p-FAK Tyr397) was increased signifcantly on
day 12 in the differention process. JNK plays a critical
role in the induction of gene transcription [8] and has
been reported to be the downstream effector of FAK
[25]. We examined the potential role of JNK in the sig-
naling pathway that is involved in coculture-mediated
myocardial differentiation. The iPSCs were transfected
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Fig. 7 The proliferative capacity of the induced pluripotent stem cell-derived cardiomyocytes (iPS-CMs). a, double immunostainings for Ki67
(a marker for cycling cells, green) and cTnT (a marker for CM, red), nuclei in the same field were stained with DAPI (blue). b, the percentage of
proliferating iPS-CMs in control (7.9 + 1.1 %), co-culture (104 + 1.2 %), FAK siRNA (4.1 £ 0.5 %), and SP600125 (1.8 + 0.2 %). Scale bar =100 um,

with FAK siRNA or treated with specific JNK inhibitor
(SP600125) resulted in the double immunostainings for
c¢TnT and CX43 were visibly attenuated. At the same
time, p-JNK protein also reduce dramatically. FAK
siRNA or SP600125 also reduced the expression levels
of Mef2c, ¢cTnT, and MLC-2 V, which resulted in a poor
myocardial differentiation. The expression of Bcl-2 in-
dicates cell proliferating [26]. The Bcl-2 expression was
significantly decreased after treated with FAK siRNA or
SP600125.

FAK can be activated in response to diverse stimuli
and plays an important role in the proliferation and me-
tastasis of cells. A variety of extracellular matrix pro-
teins, including collagen type, lead to an increase in
tyrosine phosphorylation and activation of FAK [27]. In
melanoma cells, the increased expression of FAK

correlates with increased cell motility [28]. Also, FAK is
at the crossroad of several signaling pathways, including
PI3K/Akt and MAPK pathways [29]. Our study
showed that extracellular environment in co-culture
with specific cell is also an important factor to acti-
vate the FAK signaling.

Ki67 is a marker for cells that either are or have re-
cently been in the cell cycle [30]. An alternative ex-
planation to the higher differentiation of iPS-CMs in
the co-culture compared with those EBs grown alone
may be related to alteration of the proliferative cap-
acity of the iPS-CMs. We performed double immu-
nostainings for Ki67 and ¢TnT and found that the
percentage of proliferating iPS-CMs in the co-culture
was higher than those of the control, while the FAK
siRNA resulted in 4.1+0.5 % proliferating iPS-CMs
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and SP600125 resulted in 1.8+0.2 % proliferating
iPS-CMs.

Conclusion

These experimental data demonstrate that co-culture of
EBs with NCMs induces genes expressed in a mature
pattern and stimulates the proliferation of iPS-CMs by
activating FAK/JNK signaling. Different from native
CMs, the iPS-CMs have a certain ability to proliferate.
NCM co-culture may be an factor to enhance the prolif-
erated ability of iPS-CMs through activating FAK/JNK.
It is interesting, but need more research to study the
relevant mechanisms.
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