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Abstract 

Rictor is a key regulatory/structural subunit of the mammalian target of rapamycin complex 2 
(mTORC2) and is required for phosphorylation of Akt at serine 473. It plays an important role in 
cell survival, actin cytoskeleton organization and other processes in embryogenesis. However, the 
role of Rictor/mTORC2 in the embryonic cardiac differentiation has been uncovered. In the 
present study, we examined a possible link between Rictor expression and cardiomyocyte 
differentiation of the mouse embryonic stem (mES) cells. Knockdown of Rictor by shRNA 
significantly reduced the phosphorylation of Akt at serine 473 followed by a decrease in 
cardiomyocyte differentiation detected by beating embryoid bodies. The protein levels of 
brachyury (mesoderm protein), Nkx2.5 (cardiac progenitor cell protein) and α-Actinin 
(cardiomyocyte biomarker) decreased in Rictor knockdown group during cardiogenesis. 
Furthermore, knockdown of Rictor specifically inhibited the ventricular-like cells differentiation of 
mES cells with reduced level of ventricular-specific protein, MLC-2v. Meanwhile, patch-clamp 
analysis revealed that shRNA-Rictor significantly increased the number of cardiomyocytes with 
abnormal electrophysiology. In addition, the expressions and distribution patterns of cell-cell 
junction proteins (Cx43/Desmoplakin/N-cadherin) were also affected in shRNA-Rictor 
cardiomyocytes. Taken together, the results demonstrated that Rictor/mTORC2 might play an 
important role in the cardiomyocyte differentiation of mES cells. Knockdown of Rictor resulted in 
inhibiting ventricular-like myocytes differentiation and induced arrhythmias symptom, which was 
accompanied by interfering the expression and distribution patterns of cell-cell junction proteins. 
Rictor/mTORC2 might become a new target for regulating cardiomyocyte differentiation and a 
useful reference for application of the induced pluripotent stem cells. 

Key words: Rictor/mTORC2; embryonic stem cell; cardiomyocyte differentiation; cell-cell junction; 
electrophysiology. 

Introduction 
The mammalian target of rapamycin complex 2 

(mTORC2) is a signaling protein complex that 
comprises mTOR, rapamycin-insensitive companion 
of mTOR (Rictor) and several binding partners. Rictor 
is important for the stability and activity of mTORC2 
[1], which has been implicated in cytoskeletal 
organization [2]. Also, mTORC2 plays pivotal roles in 
embryonic development [3], tumorigenesis [4], 

cardioprotection in myocardial ischemia-reperfusion 
injury [5, 6] and cardiomyocyte functions [5]. 
Down-regulation of Rictor could decrease the 
terminal differentiation of C2C12 myoblasts by 
interfering the phosphorylation of Akt (Ser473), a 
known substrate of mTORC2 [7]. The developing 
embryos that lacked Rictor exhibit growth arrest at 
E9.5, and die at E11.5 [8]. However, the detailed 
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functions and the mechanism by which 
Rictor/mTORC2 may affect embryonic cardiogenesis 
remains poorly understood.  

Differentiation of mouse embryonic stem (mES) 
cells into cardiomyocytes offers an innovative 
approach to find the new target for regulating the 
cardiac development and to reveal underlying 
mechanisms for induced pluripotent stem cell 
researches. However, differentiation of mES cells can 
result in the different lineages, the atrial-, ventricular- 
and sinus node-like cardiomyocytes without 
selectivity. Previous studies showed that treatment of 
mES cells with suramin [9] or human ES cells with 
IWR-1 [10] could enhance cardiac specialization into 
sinus node-like or ventricular-like cells respectively. 
To direct the differentiation of mES cells into a desired 
cardiac subtype, the mechanisms of cardiac subtype 
specification must be covered. Identifying the key 
regulators of cardiac subtype specification is critical 
for reducing the heterogeneity of the mES cell-derived 
cardiomyocyte population. We hypothesize that 
Rictor/mTORC2 signaling may regulate the 
differentiation of mES cells into specific 
cardiomyocyte subtypes. 

Cardiac gap junction (GJ) plays a pivotal role in 
maintaining the velocity and the safety of impulse 
propagation in cardiac tissue, and in keeping normal 
cardiac rhythm [11]. A major component of GJ is 
connexin 43 (Cx43), which affects cardiac 
electrophysiological characteristic and involves in 
action potential (AP) of cardiomyocyte spreading. The 
phosphorylation of Cx43 is proposed to be associated 
with gap junction communication [12, 13]. 
Meanwhile, cardiac adherens junction (AJ) formation 
is a prerequisite for gap junction assembly in 
cardiomyocytes [14]. Cardiac-specific deletion of 
N-cadherin or desmoplakin, the major cardiac AJ 
components, results in the reduced Cx43-containing 
gap junctions, accompanied by disassembly of the 
intercalated disc structure [15] and sudden 
arrhythmic death [16]. Cx43, N-cadherin and 
Desmoplakin involve in consistent cellular activity, 
information transmission, differentiation and 
development [17, 18], by stabilizing the cell-cell 
junctions and myocyte integrity [19]. In addition, 
Rictor/mTORC2 may regulate blood-testis barrier 
dynamics via its effects on the expression and 
distribution of Cx43 [20]. However, the relationships 
between Rictor/mTORC2 and 
Cx43/N-cadherin/Desmoplakin in regulating 
cardiogenesis and cardiomyocyte electrophysiology 
have not yet been reported. 

In the present study, cardiomyocyte 
differentiation of mES cells is employed to evaluate 
the expression and function of Rictor/mTORC2 

during cardiomyocyte differentiation. Specifically, the 
relationship between Rictor knockdown 
(shRNA-Rictor) and the specific cardiomyocyte 
subtype differentiation was examined. In addition, 
the electrophysiological characteristics of the 
differentiated cardiomyocytes were evaluated under 
shRNA-Rictor conditions by patch-clamp analysis. 
Finally, whether shRNA-Rictor affected the 
expressions and distributions of cardiac related 
junction proteins were confirmed in cardiomyocytes 
derived from shRNA-Rictor mES cells by 
immunofluorescence and western blot analysis. The 
results showed that Rictor knockdown could result in 
inhibiting the ventricular-like myocytes 
differentiation and inducing the arrhythmias 
symptom, which was accompanied by changes in 
expression and distribution patterns of cell-cell 
junction proteins. 

Materials and Methods  
Cell Culture and Cardiomyocyte 
differentiation 

mES cells (Mouse ES cell D3, obtained from 
American Type Culture Collection, USA) were 
cultured in DMEM medium (Life Technologies, 
Germany) supplemented with 1% nonessential amino 
acids (NEAA, Life Technologies, Germany), 10% fetal 
bovine serum (FBS, Life Technologies, Germany), 0.1 
mmol/L β-mercaptoethanol (Sigma Aldrich, USA), 
and 106 units/L mouse leukemia inhibitory factor 
(Chemicon, USA) in 5% CO2 atmosphere at 37 °C. 
mES cells (about 600) were cultured in a hanging 
droplet of 30 µl to form EBs for 3 days in 
differentiation medium (DMEM with 20% FBS, 0.1 
mmol/L β-mercaptoethanol and 1% NEAA). After 
cultured in hanging droplet for 3 days and floating in 
the petri dishes for another 2 days, EBs plated 
separately into gelatin (0.1%, Sigma Aldrich, 
USA)-coated 24-well plates. Medium was changed 
every two days. Morphology and beating behavior of 
EBs were monitored by light microscopy at 37°C [21]. 

Rictor Targeted shRNA Infection 
Lentivirus with Rictor short hairpin RNA 

(shRNA) or control shRNA were infected into mES 
cells [7]. shRNA targeting mouse Rictor mRNA as well 
as a validated negative control shRNA labeled with 
GFP were ordered from Genepharma Company 
(Shanghai, China).  

Target shRNA-Rictor sequence: GCCAGTA 
AGATGGGAATCATT, shRNA-Con: TTCTCCGA 
ACGTGTCACGTTC.  

Briefly, mES cells, 1×105 per well, were seeded 
into six-well plates. On the second day, the cells were 
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infected with an aliquot of lentivirus to achieve a 
multiplicity of infection of 50 PFU/cell. After infected 
for 24 hours, cells were harvested for EB formation or 
further measurement of Rictor protein. 

Isolation of Cardiomyocyte-Rich Cell Clusters 
The beating areas of EBs were dissociated by 

gentle pipetting with a glass pipette of 200 to 300µm 
internal diameter. The cardiomyocyte-rich cell 
clusters were then trypsinized with Collagenase II 
(Invitrogen, USA) for 30 min. Detached cells were 
used for further analyses [22]. 

Western Blotting 
Cells were collected in RIPA buffer (containing 

0.2% Triton X-100, 5 mmol/L EDTA, 1 mmol/L 
PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 100 
mmol/L NaF, and 2 mmol/L Na3VO4) and lysed 30 
min on ice. Protein concentration was assayed using 
the Bio-Rad protein kit (Hercules, USA), and equal 
amount of proteins per sample were loaded on a 
sodium dodecyl sulphate (SDS)-polyacrylamide gel. 
Subsequently, proteins were transferred onto 0.45 µm 
pore size positively charged nylon membranes 
(PVDF, Millipore, USA) and blocked with 5% milk in 
PBS with 0.1% Tween-20 at room temperature. The 
membrane was incubated with one of the primary 
antibodies overnight at 4 °C. The antibodies used 
include mouse monoclonal anti-GAPDH (Sigma 
Aldrich, G-8975, USA), anti-α-Actinin (Sigma Aldrich, 
A-7811, USA), mouse monoclonal anti-HCN4 
(Abcam, ab-32675, USA), rabbit polyclonal 
anti-Akt1/2/3 (Ser 473)-R (Santa Cruz, sc-7985-R, 
USA), rabbit polyclonal anti-Akt1 (Thr 308) (Santa 
Cruz, sc-135650, USA), rabbit polyclonal anti-Akt 
(Santa Cruz, sc-135650, USA), rabbit monoclonal 
anti-GSK3β (Ser 9) (Cell Signaling Technology, 5558, 
USA), rabbit polyclonal anti-GSK3β (Abcam, ab-35842, 
USA), rabbit monoclonal anti-brachyury (Santa Cruz, 
sc-20109, USA), rabbit polyclonal anti-desmoplakin 
I/II (Santa Cruz, sc-33555, USA), rabbit polyclonal 
anti-Sox17 (Millpore, USA), rabbit polyclonal 
anti-Nkx2.5 (Abcam, ab-35842, USA), rabbit 
polyclonal anti-Connexin 43 (Abcam, ab-11370, USA), 
rabbit polyclonal anti-N-cadherin (Santa Cruz, 
sc-31030, USA), rabbit monoclonal anti-ANP (Santa 
Cruz, sc-20158, USA), rabbit monoclonal anti-MLC-2v 
(Abcam, ab-79935, USA), goat polyclonal anti-Rictor 
(Santa Cruz, sc-50678, USA), goat polyclonal 
anti-FGF5 (Santa Cruz, sc-1363, USA). The membrane 
was washed three times with TTBS and incubated 
with one of the conjugated secondary antibodies, 
HRP-conjugated goat anti-rabbit, rabbit anti-goat or 
goat anti-mouse antibodies, respectively. After 
washing with TTBS three times in 10 min each, the 

target protein bands were detected with an enhanced 
chemiluminescent substrate (ECL, Pierce, USA) [23]. 

Immunofluorescence Analysis 
Immunofluorescence was performed with either 

EBs or ESC-CMs. Cells were fixed with methanol at 
-20 °C for 15min, followed by permeabilization with 
0.05% Triton-100. The cells were blocked with 10% 
FBS for 30 min at room temperature and incubated in 
PBS containing one of the primary antibodies 
overnight at 4°C and followed by secondary 
antibodies for 2 hours at room temperature. The 
primary antibodies included mouse monoclonal 
anti-α-Actinin (Sigma Aldrich, A-7811, USA), rabbit 
polyclonal anti-Nkx2.5 (Santa Cruz, sc-376565, USA), 
rabbit polyclonal anti-desmoplakin I/II (Santa Cruz, 
sc-33555, USA), rabbit polyclonal anti-N-cadherin 
(Santa Cruz, sc-31030, USA) or rabbit polyclonal 
anti-Connexin 43 (Abcam, ab-11370, USA), mouse 
monoclonal anti-Connexin 43 (Abcam, ab-79010, 
USA), rabbit polyclonal anti-MLC-2v (Abcam, 
ab-79935, USA). The second antibodies included 
Alexa fluor 488-conjugated anti-mouse IgG 
(Invitrogen, Carlsbad, CA, USA), Alexa fluor 
594-conjugated anti-mouse IgG (Invitrogen, USA), 
Alexa fluor 488-conjugated anti-rabbit IgG 
(Invitrogen, Carlsbad, CA, USA) or Alexa fluor 
594-conjugated anti-rabbit IgG (Invitrogen, USA). 
After washing, the fluorescence images were taken by 
fluorescence inverted microscope or an Olympus 
IX81-FV1000 inverted multiphoton laser confocal 
microscope [24]. 

Flow Cytometry Analysis 
EBs or ESC-CMs obtained on day 5+3 of 

differentiation were digested into single cells with 
Collagenase II (Invitrogen, USA). Cells were fixed 
with 4% paraformaldehyde for 1 h and then treated 
with 10% FBS for another 1 h to block non-specific 
antigens. Cells were then incubated in PBS containing 
one of the primary antibodies overnight at 4 °C. The 
primary antibodies included mouse monoclonal 
anti-α-Actinin (Sigma Aldrich, A-7811, USA), rabbit 
polyclonal anti-MLC-2v (Abcam, ab-79935, USA), 
mouse monoclonal anti-Connexin 43 (Abcam, 
ab-79010, USA). After washing with PBS twice, cells 
were incubated with Alexa fluor 488-conjugated 
anti-mouse IgG or phycoerythrin-conjugated 
anti-rabbit IgG (Invitrogen, USA) for 1 h, and then 
suspended in 0.5 ml 1% BSA and analyzed on a 
FACScan flow cytometry (Becton-Dickson, Sparks, 
USA). The fluorochrome was detected at 530 nm in 
the FL-1 and 575nm in the FL-2 channel. Each plot 
represented 10,000 viable cells (nonviable cells were 
excluded from FACS analysis by appropriate gating). 
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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 [24]. All data analyses were carried 
out by using Cell Quest software. 

Cell Proliferation Assay 
 The effect of shRNA-Rictor on cell growth was 

determined with the 3-(4,5-dmethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Cells of infected mESC were seeded into 96-well 
plates at an initial density of 1×104 cells/well in 100 
μl of the culture medium for 2 days. At the 
experiment day, 100 μl DMEM containing 0.5 mg/ml 
MTT was added to each well and incubated for 4 h at 
37°C in 5% CO2. The reaction was stopped by adding 
100 μl of DMSO and the absorbance was measured at 
560 nm using a microplate reader. Data on cell 
viability were expressed in percentage compared to 
the control [25]. 

Electrophysiological Recordings  
The action potentials (APs) of spontaneously 

beating ESC-CMs were recorded by the whole-cell 
patch-clamp under current-clamp mode at 
physiological temperature (37 ± 0.3°C) with a 
continuous superfusion of normal Tyrode’s solution 
consisting of the following components (g/L): NaCl 
8.1816, NaOH 0.092, KCl 0.40257, CaCl2 0.199782, 
MgCl2-6H2O 0.2033, HEPES 2.383, Glucose 1.9817 (pH 
adjusted to 7.2-7.4 with NaOH). Patch pipettes (2 to 5 
MΩ) were filled with the internal solution consisting 
of the following components (g/L): KCl 0.0745, 
K-asparate 0.2739, EGTA 0.0744, HEPES 0.0477, 
MgATP(Na2) 0.0319, MgCl2 0.019 (pH adjusted to 
7.2-7.4 with KOH). ESC-CMs were visualized with an 
infrared-sensitive CCD camera equipped with a ×40 
water-immersion lens (Nikon, ECLIPSE FN1). The 
cells were recorded using whole-cell techniques 
(Multi Clamp 700B Amplifier, Digi data 1440A 
analog-to-digital converter) with pClamp 10.2 
software (Axon Instruments/Molecular Devices). The 
APs were classified by using previously described 
criteria. The electrophysiological parameters were 
analyzed using Lab chart7 software. The numbers of 
cells analyzed for control group was 114 and for 
shRNA-Rictor group was 64 [9, 26]. 

Statistics  
 Data were expressed as mean values with 

standard deviation. At least 3 independent 
experiments were performed. Statistical analysis was 
performed with one-way analysis of variance. P < 0.05 
was considered to be significant. 
 

Results 
Rictor knockdown suppresses cardiomyocyte 
differentiation from mES cells  

To determine whether Rictor/mTORC2 required 
for cardiomyocyte differentiation of mES cells, 
shRNA was used to selectively knockdown Rictor. 
Treatment with shRNA against Rictor (shRNA-Rictor) 
in mES cells reduced Rictor protein levels 
significantly, which was also accompanied by a 
marked decrease in the expression of p-Akt (Ser473) 
and unchanged level of p-Akt (Thr308) (Figure 1A). We 
further detected the phosphorylation level of GSK3β 
which is the downstream target of Akt to investigate the 
activity of Akt. The results showed reduced levels of 
p-GSK3β (Ser9) after knockdown of Rictor demonstrating 
the inactivation of Akt (Figure 1A). shRNA-Rictor in 
mES cells decreased the differentiation ratio of the 
beating embryoid bodies (EBs) by 21±6% and 42±6% 
compared with shRNA-Con cells (40±3%, 70±6%) on 
day 5+2 and day 5+3, respectively (Figure 1B). To 
further investigate whether Rictor deficiency in mES 
cells could influence the blastodermic layer 
development, the protein levels of FGF5 (Epiblast 
protein), brachyury (mesoderm protein), Sox17 
(endoderm protein) and Nkx2.5 (cardiac progenitor 
cell protein) were analyzed during the early 
cardiomyocyte differentiation of mES cells. Among 
the four proteins examined, Brachyury and Nkx2.5, 
selectively decreased in shRNA-Rictor cells during the 
early differentiation (day 3 and day 5), while FGF5 
and Sox17 showed no significant changes at this stage 
(Figure 1C). The immunostaing of Nkx2.5 in EBs 
showed the reduced expression of Nkx2.5 by 
knockdown of Rictor, which demonstrated that 
cardiac progenitor cells differentiation from mES cells 
were inhibited (Figure 1D). This suggests that 
shRNA-Rictor treatment of mES cells may selectively 
inhibit the differentiation toward mesoderm, but have 
no effects on epiblast and endoderm differentiation. 
Meanwhile, the expression of α-Actinin (early 
cardiomyocyte specific protein) also decreased in 
shRNA-Rictor group, indicating a reduction in the 
differentiation of cardiomyocytes compared with 
shRNA-Con group (Figure 1E). Therefore, Rictor 
might play critical roles in the early mesoderm 
formation and cardiomyocyte differentiation of mES 
cells. 

Analysis of α-Actinin expression by flow 
cytometry demonstrated that only 4.6±1.7% of cells 
were positive for the protein in shRNA-Rictor group, 
compared with 11.1±2.2% of the positive cells in 
shRNA-Con group on day 5+3 (Figure 1F). The 
immunofluorescence analysis was employed to reveal 
the expression pattern and structure of sarcomeric 
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α-Actinin in the differentiated cardiomyocytes. The 
results indicated that Rictor knockdown decreased the 
sarcomeric protein expression associated with a 
disorderly sarcomeric structure (Figure 1G). These 
results consistently indicated that knockdown of 
Rictor expression by shRNA in mES cells suppressed 
the quantities of differentiated cardiomyocytes and 
impaired the normal formation of cardiac specific 
sarcomere. 

We next sought to determine whether the 
suppressed effect of shRNA-Rictor on cardiomyocyte 
differentiation was associated with influenced 
proliferation of mES cells. MTT assay showed that the 
proliferation rate of mESC infected with 
shRNA-Rictor was not changed compared with the 
control group (Figure 1H). It indicated that the 
reduced cardiomyocyte differentiation by 
shRNA-Rictor was not due to the inhibition of mES 
cells proliferation. 

 

 
Figure 1. Effects of knockdown of Rictor expression by shRNA in mES cells on the cardiomyocyte differentiation. (A) Knockdown of Rictor (shRNA–Rictor) in mES 
cells during the differentiation. (B) The beating phenotype evaluated from day 5+1 to day 5+3 after EBs plating. (C) The expression levels of blastodermic layer 
proteins in the early cardiomyocyte differentiation. (D) The expression of Nkx2.5 in cryosections of EBs on day 5 by immunofluoresence analysis. (E) The expression 
level of sarcomeric protein detected by western blot. (F) Quantification of sarcomeric protein (α-Actinin) by flow cytometry on day 5+3. (G) Immunofluorescence 
analysis of the expression and distribution of sarcomeric α-Actinin (red) on day 5+3. Nuclei were stained with DAPI (blue). Bar=10 μm or 100 µm. (H) The 
proliferation rate of mES cells after infection by shRNA-Rictor. (I) The proportion of α-Actinin-positive cells after purification. Data were represented as means ± SD 
of three independent experiments. *P<0.05, **P<0.01 (shRNA–Rictor vs shRNA-Con).  
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Electrophysiological characterization of 
cardiomyocytes differentiated from mES cells 

In order to investigate whether shRNA-Rictor 
treatment regulated specific cardiac cell subtype 
differentiation, the electrophysiological measurement 
of mES cells-derived cardiomyocytes (mESC-CMs) 
was used to distinguish the cardiomyocytes with 
early sinus node-, atrial-, ventricular- and 
purkinje-like action potentials. The proportion of 
cardiomyocytes after purification increased to 
83.4±3.7% (Figure 1I). The action potentials (AP) of 
cardiomyocytes were measured by the whole cell 
patch-clamp technique. Based on the morphology and 
classification of AP properties (Table 1), four major 
types of AP (sinus node-like, atrial-like, 
ventricular-like and purkinje-like) were observed in 
our study (Figure 2A).  

The ratios of AP for four major types were 
different between shRNA-Rictor group and 
shRNA-Con group. A significantly decreased 
proportion of ventricular-like cells was revealed in the 
shRNA-Rictor group on day 5+3, whereas the 
percentage of atrial- and sinus node-like cells 
increased compared with shRNA-Con group (Figure 
2B). In the shRNA-Rictor group (n=64), 14% of 
myocytes possessed ventricular-like AP, significantly 
diminished compared with 43% in the shRNA-Con 
group (n=114). However, 45% and 41% of the 
myocytes from shRNA-Rictor group exhibited a sinus 
node-like and atrial-like AP, respectively. The 
purkinje-like cells were not identified in 
shRNA-Rictor group (Table 1 and Figure 2B). The AP 
frequency was also reduced by shRNA-Rictor 

treatment (Figure 2C). The patch-clamp data further 
suggested that shRNA-Rictor application might 
decrease the number of ventricular-like cells 
specifically and could affect the function of 
differentiated cardiomyocytes. 

To further confirm that Rictor/mTORC2 might 
influence the formation of ventricular-like cells, we 
investigated the expressions of ventricular marker 
protein MLC-2v. Meanwhile, we also analyzed the 
expressions of ANP (the atrial marker) and HCN4 (the 
sinus node marker). Knockdown of Rictor indeed 
inhibited the expressions of MLC-2v, while the 
protein levels of HCN4 and ANP were not 
significantly affected (Figure 3A). Cx43 is a 
predominant gap junction protein in ventricular cells 
playing significant roles in normal electrophisiology. 
Flow cytometry analysis of shRNA-Rictor cells 
showed that the percentage of MLC-2v positive cells 
were significantly decreased to 4.8±2.1% compared 
with the shRNA-Con group (Figure 3B). The 
co-expression of Cx43 and MLC-2v was significantly 
reduced to 4.8±1.9% in mESC-CMs by shRNA-Rictor, 
compared with 10.8±0.5% of the positive-staining cells 
in shRNA-Con group (Figure 3C). Also, the 
co-expression of Cx43 and MLC-2v staining pattern 
was changed and significantly curtailed in 
shRNA-Rictor mESC-CMs by immunofluorescence 
analysis. Cx43 and MLC-2v staining were intense at 
cytoplasm in shRNA-Con mESC-CMs, while Cx43 
was sparse at cytoplasm, and MLC-2v appeared less 
intense across the sarcomere in shRNA-Rictor 
mESC-CMs (Figure 3D). 

 

 
Figure 2. Electrophysiological characteristics of mESC-CMs identified by patch clamp. (A) Four major cardiac subtypes of APs discriminated in shRNA-Rictor treated 
mESC-CMs: sinus node-, atrial-, ventricular-, or purkinje-like APs. (B) The relative percentages of the AP types recorded from shRNA-Rictor treated cells. (C) The AP 
frequency recorded on shRNA-Rictor treated cells. Data were represented as means ± SD. Statistical significance was set as ***P <0.001 (shRNA-Rictor, n=64 vs 
shRNA-Con, n=114).  
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Figure 3. Effects of Rictor/mTORC2 knockdown on the formation of ventricular-like cells and the expressions of MLC-2v and Cx43. (A) Western blot analysis 
indicated that shRNA-Rictor inhibited the expression of ventricular-specific MLC-2v, while the expression of HCN4 and ANP were not changed in mESC-CMs. (B) 
Flow cytometry analysis showed that the expressions of MLC-2v or Cx43 were reduced in shRNA-Rictor cells isolated from day 5+3 EBs. Representative histogram 
and the statistics analyses were shown. (C) Quantification of MLC-2v and Cx43 co-expression by flow cytometry. Representative dot blot analyses of MLC-2v and 
Cx43 co-expression were shown. The X-axis corresponding to fluorochrome FITC detected at 530 nm, and Y-axis corresponding to fluorochrome PE detected at 
575 nm. (D) Analysis of ventricular-specific MLC-2v and Cx43 co-immunostained for MLC-2v (green) and Cx43 (red) on day 5+3. Nuclei were stained with DAPI 
(blue). The colocalization analysis of correlational scatterplot between MLC-2v and Cx43 were counted. Bar=100 µm or 50 µm. Similar data were obtained from at 
least 3 independent experiments. Data were shown as means ± SD. *P<0.05, **P <0.01, ***P<0.001 for shRNA-Rictor vs shRNA-Con. 
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Table 1. Electrophysiological properties of cardiomyocytes differentiated from mES cells on day 5+3. 

AP type lentivirus Vmax(V/s) APA(mV) APD50(ms) APD90(ms) n (%) 
Sinus node-like shRNA-Con 3.5±1.2 58.8±14.2 173.6±22.0 208±14.2 32 
 shRNA-Rictor 2.93±0.9 17.6±14.3** 169.3±15.7 226±23.3 45 
Ventricular-like shRNA-Con 65.4±10.6 89.4±7 214.5±21.7 270±45.5 43 
 shRNA-Rictor 10.6±2.0*** 61.6±19*** 250.7±25.8** 365.5±58.6** 14 
Atrial-like shRNA-Con 69.3±7.4 71.4±8.3 107.9±17.03 167.0±15.8 21 
 shRNA-Rictor 59.1±12.4 65.3±17.1 188.6±10.9** 256.6±23.3** 41 
Data were means±SD. n indicated the number of cells tested. Vmax, maximum rate of AP increase. APA, AP amplitude. APD50, AP duration measured at 50% repolarisation. 
APD90, AP duration measured at 90% repolarisation. **P <0.01 and ***P <0.001 compared with shRNA-Con. 

 

Suppression of Rictor expression induced 
cardiomyocyte arrhythmia 

To understand the regulation of Rictor on the 
cardiomyocyte excitability, the action potential 
parameters of mESC-CMs were determined by the 
whole cell patch-clamp technique. The mESC-CMs 
displayed a variety of action potentials and activated 
spontaneously. The AP amplitude (APA) of 
ventricular and purkinje-like myocytes from 
shRNA-Rictor mESC-CMs were reduced, and 
irregularly distributed between 20 to 90 mv, while 
those in shRNA-Con mESC-CMs were regularly 
distributed between 80 to 100 mv. The results 
indicated that shRNA-Rictor induced the allorhythmia 
of mESC-CMs (Figure 4A-1/2, 4B-1/2, 4C-1/2). 
Action potential duration of ventricular-like and 
atrial-like myocytes from shRNA-Rictor mESC-CMs 
were prolonged compared to those of shRNA-Con 
(Figure 4A-4 and 4C-3). Action potential duration 
measured at 90% re-polarization of ventricular-like 
and atrial-like myocytes from shRNA-Rictor 
mESC-CMs were significantly prolonged (365.5±58.6 
and 256.6±23.3 ms, respectively) relative to those from 
shRNA-Con (270±45.5 and 167.0±15.8 ms) (Table 1 and 
Figure 4A-6 and 4C-4). Action potential duration 
measured at 50% re-polarization showed the similar 
prolongation in ventricular-like and atrial-like 
myocytes with shRNA-Rictor (Table 1 and Figure 
4A-5 and 4C-5). However, sinus node-like myocytes 
did not show any notable differences between the 
lines (Table 1). The maximum rate of AP increase 
(Vmax) was remarkably diminished in the 
shRNA-Rictor treated cultures, which reduced in the 
excitability of ventricular-like myocytes (Figure 4A-7). 
Meanwhile, knockdown of Rictor expression by 
shRNA in mES cells could decrease automatic 
rhythmicity of sinus node-like myocytes through the 
decay slope of the fourth phase re-polarization 
(Figure 4B-4, 4B-5). Nearly 50% ventricular-like and 
sinus node-like myocytes treated with shRNA-Rictor 
resulted in electrophysiological abnormalities, 
including the early after depolarizations (EADs) 
(Figure 4B-5) and the delayed after depolarizations 
(DADs) (Figure 4A-3 and 4B-4). Such events were 

never observed in the control myocytes. These 
observations, revealed by the electrophysiological 
characteristics of cardiomyocytes, included the 
over-prolonged AP duration, disordered APA, 
abnormal Vmax, DAD and EAD in shRNA-Rictor 
mESC-CMs. These suggested that the absence of 
Rictor might be associated with the occurrence of the 
arrhythmia in mESC-CMs. 

Knockdown of Rictor inhibited cardiomyocyte 
functions via its effects on Cx43, N-cadherin 
and Desmoplakin 

Cell-cell junctions play a key role in the cellular 
response to electrophysiological signals. The action 
potentials of cardiomyocytes are mediated through 
GJ, which involves in synchronize heart contraction. 
Cx43 is one of the most important component of GJ 
among cardiomyocytes. We hypothesized that 
Rictor/mTORC2 affected electrophysiological 
response of the cardiomyocytes by influencing the 
cell-cell junction proteins.  

As expected, both western blot and 
immunofluorescence analysis consistently indicated 
that knockdown of Rictor in mESC-CMs resulted in 
the decrease in three cell junction proteins, Cx43, 
Desmoplakin and N-cadherin. Meanwhile, there was 
a marked reduction in the phosphorylation forms (P1, 
P2) of Cx43 (Figure 5A). Also, Rictor knockdown 
caused changes in the distribution of Desmoplakin 
and N-cadherin within the cells. Normally the two 
proteins localize tightly in the cell-cell interface or 
cytoplasm, whereas they disorderly distributed in the 
cytoplasm of shRNA-Rictor mESC-CMs on day 5+3 
(Figure 5B, C). Besides, Desmoplakin or N-cadherin 
did not tightly co-localize with α-Actinin in 
Rictor-knockdown mESC-CMs, where only 0.34±0.09 
of cells co-stained for both α-Actinin and N-cadherin 
(Figure 5B), and 0.25±0.01 of cells co-stained for 
α-Actinin and Desmoplakin, respectively (Figure 5C). 
Also, Cx43 normally displayed intensely at cell-to-cell 
contacts in shRNA-Con mESC-CMs, while it is sparse 
at cell-cell contacts in shRNA-Rictor group, and also 
scattered across the whole cells with intense staining 
in perinuclear location (*) (Figure 5D).  
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Figure 4. Electrophysiological characteristics of cardiomyocytes differentiated from shRNA-Rictor infected mESC-CMs on day 5+3. (A) Ventricular-like APs. (B) 
Sinus node-like APs. (C) Atrial-like APs. Data were shown as means ± SD. Statistical significance was set as **P <0.01, ***P <0.001 (shRNA-Rictor, n=64 vs shRNA-Con, 
n=114). 

 

Discussion 
Cardiomyocytes differentiation of stem cells 

provides a promising approach that not only is useful 
in studying cardiac myocytes development, but also 

has a therapeutic potential [27]. The ES cells derived 
from the inner cell mass of the embryo emerged as a 
special tool to understand the molecular mechanisms 
involved in the process of cardiomyocyte 
differentiation [28]. Our previous studies have 
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reported that PPARα and mGluR5 could facilitate 
cardiogenesis of mES cells [29, 30]. In this study, we 
extended our effort to examine a possible role of 
mTORC2 in cardiomyocyte differentiation. The 
mTORC2 is a multi-protein complex constituted of 
mTOR, Rictor plus several binding partners that are 
all required for its activity [1]. Rictor is a core 
component of the complex which is important to actin 
cytoskeletal organization [2, 31]. Furthermore, 
mTORC2 has been linked to protein synthesis and 
maturation [32], mitochondrial respiration [33], and 
embryonic development [3, 8]. Specifically, the 
differentiation of myoblasts was also shown to require 
Rictor/mTORC2 [7]. Knockdown of Rictor or 
disruption of the complex by a prolonged rapamycin 
treatment could inhibit terminal myoblast 
differentiation. Sciarretta and colleagues have found 
that Rictor/mTORC2 could preserve cardiac structure 
and function by restraining the activity of MST1 
kinase. Suppression of Rictor/mTORC2 can increase 
cardiomyocyte apoptosis and tissue damages after 
myocardial infarction [34]. mTORC2 could promote 
post-natal heart growth and maintain heart function 
in mice by synergistically interacting with PDK1 [35]. 
It is known that spontaneous apoptosis occured 
during the process of differentiation [36]. mTORC2 
was proved to be associated with apoptosis in 
osteosarcoma cell and breast cancer [37, 38]. It is 
tempting to speculate the possible relationship 
between mTORC2 and apoptosis involved in 
cardiomyocyte differentiation. In this study, we used 
a lentivirus encoding Rictor shRNA to test the 
functional involvement of Rictor/mTORC2 in 
cardiomyocyte differentiation. The differentiation of 
mES cells was characterized by the specific proteins 
that regulated the germ layer development. 
Brachyury, FGF5 and Sox17 were selected as 
mesoderm, ectoderm and endoderm marker, 
respectively [39, 40]. Nkx2.5 was indentified as 
cardiac progenitor cells marker [41]. The expression of 
α-Actinin, a cardiac-specific protein, was used to 
monitor the formation of cardiomyocytes from mES 
cells [42, 43]. Our results showed that the proteins 
related to cardiomyocyte differentiation were 
significantly decreased by the Rictor knockdown in 
mES cells. It suggested that ablation of Rictor 
inhibited the cardiomyocyte differentiation of mES 
cells.  

Patch-clamp analysis was used to analyze the 
electrophysiology of cardiomyocytes and to 
distinguish cardiomyocytes subtypes. Previous 
studies reported that the differentiation of atrial- or 
ventricular-like cells could be accelerated by 
alternating retinoid signals in human embryonic stem 
cell [26]. Treatment with suramin induced mES cells 

differentiation toward to sinus node-like cells [9]. Our 
data showed that the proportion of ventricular-like 
cells was markedly reduced after knockdown of 
Rictor. Also, the electrophysiological characteristics of 
cardiac myocytes arrhythmia, including 
over-prolonged AP duration, disordered APA, 
abnormal Vmax, DAD and EAD, appeared in 
shRNA-Rictor cardiomyocytes. These findings 
support the conclusions that Rictor/mTORC2 is 
important for directing ventricular-like cell 
differentiation and forming electrophysiologically 
normal cardiomyocytes differentiation of mES cells. 

To further investigate the mechanisms by which 
Rictor/mTORC2 may influence the electrophysiology 
of cardiomyocytes differentiated from mES cells, we 
have examined the expression and distribution of 
junctional proteins. It has been reported that the 
abnormal expression levels, the structural confusion 
and disorder distributions of Cx43, N-cadherin and 
Desmoplakin may all contribute to the impaired 
myocyte integrity, cardiac arrhythmias and cardiac 
remodeling [44]. As the components of three distinct 
junctional complexes (gap junction, adherens junction 
and desmosome) that constituted to interacted disk 
(ID), these proteins work together to mediate 
mechanical and electrical coupling of cardiomyocytes 
[45]. In the development, Cx43 is expressed both in 
the working myocardium of the ventricular cells and 
the atrial cells [44]. The interaction between Cx43 and 
Nav1.5, which was mediated by Desmoplakin, could 
be crucial for normal AP propagation [46]. Cx43 
knockdown or over-expression experiments proved 
its association with cell coupling which ultimately 
influenced electrophysiological conduction of 
cardiomyocytes [47]. Also, the phosphorylation level 
of Cx43 played an important role in gap junction 
status and function [12, 13]. Prior studies had shown 
that cardiac-specific ablation of N-cadherin could 
result in decreased levels of gap junctions proteins 
Cx43 and Cx40, reduced ventricular conduction 
velocity [48] and impaired GJ communications [49]. 
Desmoplakin mutation, on other hand, lead to the 
occurrence of arrhythmogenic ventricular 
cardiomyopathy [50]. In this study, we found that 
knockdown of Rictor in mES cells significantly 
affected the expression and distribution of Cx43, 
Desmoplakin and N-cadherin proteins in the 
differentiated cardiac myocytes. These data indicated 
that disruption of Rictor/mTORC2 signaling not only 
resulted in the reduced cardiomyocyte differentiation 
efficacy of mES cells, but also affected the quality of 
the differentiated cells with the abnormal distribution 
and expression of the cell-cell adhesion and connexin 
proteins that are associated with changes in 
electrophysiological characteristics and conduction 
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velocity.  
In conclusion, knockdown of Rictor in mES cells 

resulted in reductions in cardiomyocytes of mES 
cell-derived mesoderm protein Brachyury, early 
cardiomyocyte protein Nkx2.5, and α-Actinin, 
followed by reduction of ventricular-like cells specific 
marker MLC-2v. Reduction in Rictor could also 
impact the cardiomyocyte electrophysiology and 
induced cardiomyocyte arrhythmia by affecting the 

expressions and distributions of cell-cell junction 
proteins (Cx43, N-cadherin, Desmoplakin). Overall, 
these results suggest that Rictor/mTORC2 might play 
an important role in the differentiation of 
cardiomyocytes. The protein would become a 
potential new target for regulating the cardiomyocyte 
differentiation. It might also provide a useful 
reference for the potential application of the induced 
pluripotent stem cells. 

 

 
Figure 5. Knockdown of Rictor blocked cardiomyocyte functions via its effects on Cx43, N-cadherin and Desmoplakin protein expressions on day 5+3. (A) Western 
blot analysis of the expressions of Cx43, p-Cx43, N-cadherin and Desmoplakin. Densitometric quantification of the target proteins, with the values corrected by 
GAPDH as a loading control. (B) Immunofluorescence analysis showed co-localizations (orange, arrow) of α-Actinin (green) with N-cadherin (red) in mESC-CMs. 
The co-localization analysis of correlational scatterplot between α-Actinin and N-cadherin were counted. (C) Immunofluorescence analysis showed the 
co-localizations (orange, arrow) of α-Actinin (green) with Desmoplakin (red) in mESC-CMs. The colocalization analysis of correlational scatterplot between 
α-Actinin and Desmoplakin were counted. (D) Immunofluorescence analysis showed the co-localizations of α-Actinin (green) and Cx43 (red). Nuclei were stained 
with DAPI (blue). Bar=25 µm or 12 µm. Similar data were obtained from at least 3 independent experiments. Data were shown as means ± SD. **P <0.01, ***P <0.001 
(shRNA-Rictor vs shRNA-Con). 
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