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Abstract. – OBJECTIVE: PPP2R3A plays a 
key role in the cardiac pathological and physio-
logical processes, yet little is known about how 
the protein involved in normal myocardium for-
mation and the protein-protein interaction path-
ways involved. To address this issue, we inves-
tigated the role of PPP2R3A in cardiac myocytes 
and identify PPP2R3A specific protein interac-
tion partners to accelerate the developmental 
process of the mechanistic studies.
MATERIALS AND METHODS: PPP2R3A-silenced 
primary myocardial cell of neonatal rats and H9c2 
cells were established by infecting shRNA lentivi-
ral particles. RT-PCR and Western blot were used 
to determine the expression of PPP2R3A and si-
lencing efficiency. The cell viability was analyzed 
by CCK-8 kit, then the cell cycles and apoptosis as-
says were detected by flow cytometry. Novel pro-
tein-protein interactions of PPP2R3A were detect-
ed by Yeast Two-Hybrid assays using a high-quality 
human primary cardiomyocyte cDNA library. 

RESULTS: PPP2R3A-silencing rat primary car-
diomyocytes and H9c2 cells were established suc-
cessfully, and the expression of PPP2R3A was 
downregulated significantly as confirmed by RT-
PCR and Western blot. PPP2R3A silencing can in-
hibit the myocardial cell proliferation, arrest the 
cell cycle in the S phase and promote the cardio-
myocytes apoptosis. 19 potential candidates like 
COL1A2, GIPC1and BCL6 specifically interact with 
PPP2R3A, and COL1A2 was the highest screening 
frequency, covering 12.5% of the 24 clones. These 
partners are highly enriched in signaling pathways 
associated with a variety of cellular processes.

CONCLUSIONS: A series of studies have dis-
covered that PPP2R3A was closely associated with 
heart failure and arrhythmia. Our data further con-
firmed PPP2R3A plays an important role in the car-
diomyocytes and PPP2R3A in the regulation of car-
diac events via its interaction partners. Therefore, 
it is a potential therapeutic target for the disease.
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Biomarker, Yeast two-hybrid assay.

Introduction

Protein phosphatase 2A (PP2A), one of the ma-
jor serine/threonine phosphatases in mammalian 
cells, are responsible for the majority of dephos-
phorylation events in the human heart. The struc-
ture of PP2A is composed of three subunits: cata-
lytic (C), scaffold (A), and a variable regulatory B 
subunit from four distinct families that controlled 
substrate specificity, influenced enzyme activity, 
and subcellular localization1. PP2A plays an im-
portant role in cardiac physiology. It can regulate 
cardiac excitability through dephosphorylation of 
cardiac ion channels, transporters, and their re-
spective regulatory proteins2; its activity is also 
requisite for cardiac contractility and relaxation3.

Both in vivo and in vitro studies have illustrat-
ed that PP2A regulatory subunit activity is critical 
for mature PP2A holoenzyme function. Loss of 
the regulatory subunits has been linked to cardi-
ac pathological changes. When lacked the B56γ 
regulatory subunit of PP2A, the mice had a defect 
in the formation of the ventricular septum of the 
heart and a decrease in the number of ventricu-
lar cardiomyocytes4. Excessive B56α in mice de-
creases PP2A activity, resulting in increased heart 
rate, and decreased parasympathetic activity3. In 
addition, the elevated expression levels of PP2A 
subunits were observed in heart failure, including 
PPP2R5A, PPP2R5B, PPP2R5E, PPP2R3A, and 
PPP2R42.

Protein phosphatase 2 regulatory subunit B’’al-
pha (PPP2R3A), which belong to the B’’-family 
of PP2A regulatory subunits, harbored two major 
specific splice products – PR72 (B’’α2) and large 
transcript PR130 (B″α1)5. They share an identical C 
terminus and are highly expressed in human heart. 
In the heart, PR130 was reported to mediate dephos-
phorylation of type 2 ryanodine receptor (RyR2), 
which was centrally involved in the myocyte exci-
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tation-contraction coupling process, suggesting that 
PR130 may play crucial roles in cardiac contractile 
function6. A new study7 showed that PR130-knock-
out zebrafish exhibited cardiac looping defects and 
decreased cardiac function (decreased fractional 
area and fractional shortening). Taken together, 
these studies raised the possibility that PPP2R3A 
might be an important regulator of cardiac devel-
opment and functions, but it remains unclear how 
it impacts on cardiac physiology. Here, we used a 
shRNA specific sequence targeting PPP2R3A to ex-
plore its key role in cardiac function in vitro. Subse-
quently, we identifyed PPP2R3A potential interact-
ing proteins to characterize its functions. Together, 
our results provide evidence that the control of heart 
physiology by PPP2R3A may be the potential novel 
drug target for heart disease.

Materials and Methods

Ethical Considerations
All neonatal SD rats (within 7 days) were ob-

tained from animal experiment center of Third 
Military Medical University. The experiment was 
carried out under the guidelines of the Ethical 
and Animal Welfare Committee of the Kunming 
Medical University.

Isolation and Culture of Primary 
Myocardial Cell of Neonatal Rats

Fresh cardiac apex of neonatal rats was washed 
and minced into small pieces in a sterile 90-mm 
plastic dish. Phosphate-buffered saline (PBS) 
(1X) containing 10% penicillin and streptomycin 
were added and were followed by repeatedly di-
gested with 0.125% EDTA-trypsin (digest for 5 
minutes at a time and a total of 8 to 10 times). The 
disaggregated tissue suspension was centrifuged 
at 1000 rpm for 5 min and the pelleted cells were 
resuspended in DMEM medium containing 10% 
fetal bovine serum (FBS) and 100 U/ml penicil-
lin-streptomycin solution. These cell suspensions 
were seeded in 25 cm2 culture flasks and incubat-
ed at 37°C in humidified atmosphere of 5% CO2 
and 95% air for 90 minutes. The formed adherent 
cell monolayer was cardiac fibroblasts and cardi-
ac myocytes existed in the supernatant. The su-
pernatant was placed in 25 cm2 culture flasks and 
cultures were maintained in a humidified atmo-
sphere of 5% CO2 at 37°C. Cell culture was ob-
served daily by a phase-contrast microscopy. The 
medium was changed every 3 days depending on 
the cell growth rate.

Identification of Primary Cardiomyocyte
The slides of cells that had prepared were 

washed with PBS (1X) for 3 times and fixed with 
4% paraformaldehyde at room temperature for 
15 minutes, followed by rinsed gently in PBS. 
The cells were permeabilized with 0.5% triton 
X-100 in PBS for 15 min and blocked in 6% nor-
mal goat serum in PBS for 30 min at room tem-
perature. The Anti α-actin antibody was diluted 
with immunofluorescence primary antibody di-
luent (1:100) and was added to the cells 4°C for 
the night. After washing the cells with PBS (1X), 
they were stained with fluorescent labeled sec-
ondary antibody Anti Alexa Fluor 647 (diluted 
by 1:800 with immunofluorescence second anti-
body diluent) and incubated at room temperature 
for 30 minutes. The cells have to be washed for 
3 min with PBS and stained with 4’,6-diamidi-
no-2-phenylindole (DAPI) (1 µg/ml) for 5 min-
utes in the dark. The antifade mounting medium 
were applied to mount cover glasses, then, it was 
observed by confocal microscopy.

Culture of Cardiomyocyte-like H9c2 Cells
The H9c2 cell line were obtained from Cell 

Bank of Chinese Academy of Sciences (Shang-
hai, China). Cells were cultured in DMEM medi-
um supplemented with 10% Fetal Bovine Serum 
(FBS) and 100 U/ml penicillin-streptomycin solu-
tion in 25 cm2 culture flasks at 37°C in a humid-
ified atmosphere of 5% CO2. The medium was 
changed every 2-3 days, and cells were subcul-
tured when they reached 80% confluence. 

Transfection of shRNA Vector
The siRNA sequences used to knock down 

ppp2r3a were 5’-CATAATTGCCAAGGTA-
ATCA-3’ (ppp2r3a-si1#), 5’-GAAGGTTTCA-
CAGCATAATT -3’ (ppp2r3a-si2#), 5’-CTGT-
GTTTCTAACTGGAATA-3’ (ppp2r3a-si3#). 
The sequence of the control siRNA targeting 
sequence was 5’-TTCTCCGAACGTGTCAC-
GT-3’. These siRNA sequences were cloned into 
the pGLV3 vector with green fluorescent protein 
(GFP), then, they were co-transfected with PG-
p1-VSVG, PG-P2-REV, PG-P3-RRE vectors into 
293T cells, to obtain lentivirus particles. The 
identity of the resulting pGLV3-ppp2r3a-RNAi 
construct was verified by sequencing. They were 
applied to transfect rat primary cardiomyocytes 
and H9c2 cells, and successfully established 
ppp2r3a downregulated cell lines. All these con-
structs were purchased from Western Biomedical 
technology (Chongqing, China).
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Quantitative Real-Time PCR
Total RNA from cultured cells was extract-

ed using the TRIzol reagent (Beyotime, China) 
according to the manufacturer’s instructions and 
quantified by NanoDrop (Thermo Scientific, 
USA). cDNAs were generated using a PrimeScript 
RT reagent kit (Takara, Japan). Sequences were 
as follows: ppp2r3a forward 5’-GACATCTTTG-
CGAAGGGACC-3’, reverse 5’-GACTTCAG-
CCTCTTCTTAAACCG-3’; β-actin forward 
5’-CCCATCTATGAGGGTTACGC-3’, reverse 
5’-TTTAATGTCACGCACGATTTC-3’. Quan-
tified analysis was performed in triplicate on 
the ABI 7300 Fast Real-time PCR system (ABI, 
USA). The comparative CT method was quantified 
ppp2r3a expression and normalized the CT value 
to the housekeeping gene β-actin.

Western Blotting Analysis
Cells (untreated/treated rat primary cardio-

myocytes and H9c2) were homogenized on ice 
in the RIPA buffer (Beyotime, Shanghai, China). 
Insoluble material was removed by centrifugation 
at 4°C for 15 minutes. The protein concentration 
was measured using a BCA protein assay (Beyo-
time, China). Protein was separated on 8% acryl-
amide gel and transferred to 0.45 μm PVDF mem-
branes, and the membranes were blocked for 2h at 
room temperature with 5% nonfat dry milk in Tris 
Buffered Saline with Tween (TBST). Membranes 
were incubated with diluted primary antibodies 
(rabbit anti-ppp2r3a: 1:500) (Abcam, Cambridge, 
MA, USA) overnight at 4°C. The secondary anti-
bodies (anti-rabbit IgG: 1:1000) (Sigma-Aldrich, 
St. Louis, MO, USA) was added and incubated 
for 1.5 h at room temperature and proteins were 
visualized by ECL Western Blotting Substrate. 
Rabbit anti-β Actin (1:1000 dilution) (Abcam, 
Cambridge, MA, USA) was used to normalize the 
amount of sample loaded.

Cell Proliferation Assay
The cells, including untreated and treated rat 

primary cardiomyocytes and H9c2 cells, were 
plated into 96-well plates at 1.0×104 cells/well 
(90μl/well) and cultured at 37°C in a humidified 
atmosphere of 5% CO2 for 24h. Next, the culture 
medium was replaced with of fresh medium, and 
10 μl CCK-8 solution (Sigma-Aldrich, St. Louis, 
MO, USA) was added to the culture medium and 
incubated for another 2 h at 37°C. The absorbance 
was measured using a Multiscan Spectrum (Ther-
mo Fisher Scientific, Waltham, MA, USA) at a 
wave-length of 450 nm.

Cell Cycle Assays
Cultured cells were harvested and resuspend-

ed in PBS solution. Cell suspension at a density of 
3×105/ml were fixed with 70% precooled ethanol 
(0-4°C) for more than 2 h, stained with PI (BD 
Bioscences, Franklin Lakes, NJ, USA) and incu-
bated in the dark for 30 minutes. Samples were 
analyzed on flow cytometer (FCM) with ModFit 
V3.0 Software to separate G0/G1, S, and G2/M 
phases. 

Cell Apoptosis Assays
Annexin V-PE/7-amino-actinomycin D(7-AAD) 

staining was performed according to the manufac-
turer’s instructions (BD, Franklin Lakes, NJ, USA). 
Cell suspension at a density of 3×105/ml were stained 
with 50 μl of binding Buffer as well as 5 μl 7-AAD 
and incubated in the dark. After 15 minutes, 450 μl 
binding buffer were added to cell suspension, and 
mixed with 1 μl Annexin V-PE for 15 min in the 
dark. The flow cytometer was employed to deter-
mine the apoptosis ratio. 

Human Primary Cardiomyocytes 
cDNA Library Construction

The libraries were prepared using total RNA 
extracted from human primary cardiomyocytes. 
The purified mRNA as a template was used for 
double strand (ds) cDNA synthesis. Purified ds 
cDNA and pGADT7-Rec (Clontech, San Jose, CA, 
USA) were co-transformed into prey yeast cells. 
Monoclonal colonies were selected for PCR am-
plification. The inserted sequences in the plasmids 
were amplified by PCR using specific primers (F: 
TAATACGACTCACTATAGGGCGAGCG; R: 
GTGAACTTGCG GGGTTTTTCAGTAT).

Yeast Two-Hybrid Assays and 
Identification of Positive Interactors

Human PPP2R3A cDNA was amplified by 
PCR; the PCR fragment was then digested with 
Sfi I and inserted into the pGBKT7 vector (Clon-
tech, San Jose, CA, USA) to generate a construct 
of human PPP2R3A cDNA fused frame to the 
Gal4 DNA-binding domain as the bait. The yeast 
AH109 strain was transformed with the bait plas-
mid and mated with the prey plasmid pGADT7-
Y2H-K54 (273SGB) cDNA. Screening was 
performed on selective medium (SD/-Trp-Leu-
His-Ade) containing 5 mM 3-aminotriazole (3-
AT), which tests the reporter gene ADE2, HIS3, 
and LacZ activated by positive PPP2R3A-target 
protein interaction. In order to reduce false pos-
itives, positive clones with a higher repetition 
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rate were reverted to verification. The positive 
candidates were isolated and sequenced, and ho-
mology searches against database sequences were 
performed using the BLAST algorithm on NCBI 
(National Center for Biotechnology Information). 

Statistical Analysis
All data are presented as mean ± standard de-

viation. Statistical analysis was performed by one-
way analysis of variance test. A p-value of <0.05 
was considered to be statistically significant.

Results

Ppp2r3a Protein Content Determination
In order to show the cells in culture were pri-

mary cardiomyocytes, the α-actin were labeled 
and imaged using fluorescence microscopy (Fig-
ure 1). There were numerous α-actin positive 
cells, indicating cardiomyocytes were successful-
ly isolated. Following the isolation of the neonatal 
rat cardiomyocytes, ppp2r3a were screened in the 
cardiomyocytes and H9c2 cell by Western blot-

ting. The results indicated that the ppp2r3a had 
the higher expression level. Together, the exper-
iment offers the foundation to carry on function 
research of ppp2r3a for follow-up. 

Determination of ppp2r3a-
Silencing Efficiency

To observe the silencing effect on Cardiomyocyte 
function in vitro, the viruses carrying ppp2r3a-si-
lencing genes were transfected into rat primary car-
diomyocytes cells and H9c2 cells. The silencing ef-
ficiency was assessed by reverse transcription PCR 
(Figure 2). The mRNA expression levels of ppp2r3a 
were decreased in the shRNA-transfected groups 
compared with the NC-shRNA groups, but shR-
NA#2-ppp2r3a was significantly decreased. Subse-
quently, the shRNA#2-ppp2r3a lentivirus particle 
was applied to carry out transient transfection in 
the above two cells, and the markedly decreased ex-
pression of ppp2r3a protein were observed in shR-
NA#2-ppp2r3a cells as compared to shRNA-control 
cells. This observation suggested that rat prima-
ry cardiomyocytes cells and H9c2 cells silencing 
ppp2r3a was successfully established.

Figure 1. Immunofluorescence 
analysis for primary myocardial cell 
of neonatal rats in vitro and PPP2R3A 
protein levels in rat myocardial cells 
were detected by western blotting. 
A-B, immunofluorescence results of 
cultured primary myocardial cells 
(400×); C-D, immunofluorescence 
results of cultured primary myo-
cardial cells (800×). E, 1-1, 1-2, 1-3, 
denoted H9c2 cells; 2-1, 2-2, 2-3, de-
noted primary cardiomyocytes. In all 
experiments, β-actin was utilized as 
a loading control. n=3 for all exper-
iments.
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Effect of ppp2r3a Silencing 
on Cardiomyocytes Proliferation

To evaluate the effects of ppp2r3a silencing on 
the proliferation of rat primary cardiomyocytes 
cells and H9c2 cells, we employed Cell Counting 
Kit-8 (CCK-8) methods to study cell proliferation. 
According to the results, there was significant dif-
ference in OD450 value both in shRNA#2-ppp2r3a 
group and shRNA-control at 24h (p<0.05) (Table 
I), indicating that ppp2r3a silencing can slower 
growth rate and inhibit myocardial cell prolifer-
ation.

Ppp2r3a Silencing Reduced 
the Proportion of Cardiomyocytes 
in S Phase

We observed that silencing ppp2r3a inhibited 
rat primary cardiomyocytes cells and H9c2 cells 
proliferation. Next, the distribution of different 
phases of cell cycling was determined. Our results 
showed that the percentage of S phase cells was 
significantly lower in shRNA#2-ppp2r3a group 

(26.35% in H9c2 cells; 23.23% in rat primary car-
diomyocytes cells) than that in shRNA-control 
(30.43% in H9c2 cells; 26.89% in rat primary car-
diomyocytes cells) (p<0.05) (Figure 3, Table II). 
These data demonstrated that silencing ppp2r3a 
arrested the cell cycle in the S phase to inhibit the 
growth of cardiomyocytes cells.

Ppp2r3a Silencing Accelerated 
Cardiomyocytes Apoptosis

Apoptosis is one of the major cell death path-
ways. Next, we tested whether ppp2r3a silenc-
ing affected the apoptosis of cardiomyocyte. As 
shown in Figure 4, the percentage of early apop-
totic cells was mildly increased in ppp2r3a silenc-
ing group compared with in the control group.

Construction of cDNA Library
In order to determine the interaction part-

ners of the PPP2R3A protein, it is necessary to 
obtain a high-quality human primary cardiomyo-
cyte cDNA library. To investigate the quality of 

Figure 2. Ppp2r3a-silencing efficiency as well as protein levels detected. A, Ppp2r3a-silencing efficiency detected by reverse 
transcription PCR. NC, negative control; β-actin was utilized as a loading control. The shRNA#2-ppp2r3a lentivirus particles 
showed optimal interference efficiency. B, Ppp2r3a protein levels in H9c2 cells and primary cardiomyocytes were detected by 
western blotting. β-actin was utilized as a loading control.
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the full-length cDNA library, the lengths of the 
cDNA inserts were amplified by PCR using prim-
ers. It is showed that no nonspecific bands were 
identified, and the majority of the cDNA inserts 
were more than 1200 bp in size (Figure 5). The re-
combination rate of cDNA library was 100%. The 
final library titer was 1.2×107CFU/ml which was 
consistent with expected. The sequence data were 
searched in the NCBI GenBank using BLAST to 
identify similarities with sequences in the nucleic 
acid databases. These findings indicated that the 
library could be used for further research.

Construction of Bait Vector and 
Characterization of its Self-Activation 
in Yeast Cells 

To construct the PPP2R3A gene cDNA clone 
into the bait vector of Y2H, the recombinant plas-
mid pGADT7-PPP2R3A cut by incision enzyme 
SfiI overnight and connected with the bait vector 
plasmid pGBKT7. It was verified that the pos-
itive plasmid was successfully transformed into 
yeast Y2H which generated a 2kb fragment us-
ing the primers of PPP2R3A-F and PPP2R3A-R. 
Testing bait for autoactivation, the results showed 
that the yeast transfected with plasmids of pGB-
KT7-PPP2R3A could not grow on SD-TLHA agar 
plate and does not autonomously activate the re-

porter gene ADE2, HIS3 and LacZ in AH109, in 
the absence of a prey protein. So, we can believe 
that our PPP2R3A bait cloning is not self-activa-
tion in yeast (Figure 6). This work provides the 
basis for further experiments.

Screening of PPP2R3A Interaction 
Proteins

We performed yeast two-hybrid screening 
of the human primary cardiomyocyte’s cDNA 
library using PPP2R3A as bait to identify new-
PPP2R3A binding partners. A total of 24 preys 
still showed positive interaction with the bait, 
which were confirmed by clones’ growth on se-
lective media SD-TLHA and high stringency to 
activate the reporter gene LacZ (Figure 7). We 
sequenced these plasmids extracted from 24 posi-
tive clones with a higher repetition rate and found 
that 19 genes were identified as candidate posi-
tive interactions through NCBI/BLAST search, 
and the corresponding proteins were expressed 
respectively (Table III). To reduce false positives, 
the yeast AH109 containing the plasmid baits 
pGBKT7-PPP2R3A was co-transfected with 24 
positive clones. The results showed that 24 pos-
itive clones belonged to 19 different protein-cod-
ing genes and all of them could activate ADE2, 
HIS3 and LacZ expression, suggesting that these 

Table I. Cell proliferation results in H9c2 cells and primary cardiomyocytes by CCK-8 assay.

*:compare with NC group.

Groups			   OD Value			   p-value

	 1	 2	 3	 Mean	 Abs
 
Blank	 0.0427	 0.0392	 0.0369	 0.0396 		
H9c2	 1.2991	 1.3017	 1.264	 1.2883 	 1.2487 	
	 1.3039	 1.2822	 1.2739	 1.2867 	 1.2471 	
	 1.2872	 1.2487	 1.2174	 1.2511 	 1.2115 	
H9c2-NC	 1.2867	 1.2543	 1.2345	 1.2585 	 1.2189 	
	 1.2771	 1.2594	 1.2421	 1.2595 	 1.2199 	
	 1.2035	 1.1884	 1.1632	 1.1850 	 1.1454 	
H9c2-2#	 1.1021	 1.0619	 1.0876	 1.0839 	 1.0443 	
	 1.0834	 1.1508	 1.0983	 1.1108 	 1.0712 	 <0.05*	
	 1.0677	 1.1395	 1.0821	 1.0964 	 1.0568 	
Primary cardiomyocytes	 1.1995	 1.1549	 1.2272	 1.1939 	 1.1543 	
	 1.2512	 1.1928	 1.2106	 1.2182 	 1.1786 	
	 1.2129	 1.2637	 1.2341	 1.2369 	 1.1973 	
Primary cardiomyocytes-NC	 1.1467	 1.1711	 1.1639	 1.1606 	 1.1210 	
	 1.1835	 1.1684	 1.1932	 1.1817 	 1.1421 	
	 1.1676	 1.1186	 1.1788	 1.1550 	 1.1154 	
Primary cardiomyocytes-2#	 1.0748	 0.9935	 1.0167	 1.0283 	 0.9887 	
	 1.0878	 1.0797	 1.0423	 1.0699 	 1.0303 	 <0.05*
	 1.0762	 1.0341	 1.0679	 1.0594 	 1.0198 	
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Figure 3. Ppp2r3a protein levels in H9c2 cells and primary cardiomyocytes were detected by western blotting. β-actin was utilized 
as a loading control. A, The original map; B, Cell cycle results in H9c2 cells and primary cardiomyocytes by flow cytometer. C, 
Statistic graphics of cell cycle results.
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proteins specifically interact with PPP2R3A (Fig-
ure 8). Among them, three proteins (COL1A2, 
GIPC1and BCL6) presented the higher screening 
frequency, and COL1A2 was the highest, cover-
ing 12.5% of the 24 clones. Gene Ontology bio-
logical processes were constructed using Metas-
cape. 19 genes were strongly mapped to 3 major 
modules. The majority of the pathways in the 
first module were associated with the signaling, 
implying that PPP2R3A-partner (like COL1A2, 
GIPC1and BCL6) regulated myocardial function 
by a complex set of pathways. 

Discussion

The regulatory subunits of PP2A are coded by 
at least 17 distinct genes and at least 11 of them 
are expressed in cardiomyocytes. B56α and B56γ 
are the most studied cardiac isoforms4, and rela-
tively little is known about the role of PPP2R3A in 
the heart. The major findings of the present study 
were as follows: (1) primary cardiomyocytes of 
neonatal rats were established successfully; (2) 
ppp2r3a was highly expressed in the myocardial 
cells; (3) ppp2r3a silencing could inhibit myocar-

Table II. Cell cycle results in H9c2 cells and primary cardiomyocytes by flow cytometer.

*:compare with NC group.

Groups		  Mean			   p-value

	 G0/G1 (%)	 S (%)	 G2/M (%)
 
H9c2	 60.95	 33.65	 5.40	  
H9c2-NC	 59.91	 31.00	 9.10	
H9c2-2#	 61.49	 27.00	 11.45		  <0.05*
Primary cardiomyocytes	 59.42	 27.89	 12.69	
Primary cardiomyocytes-NC	 63.34	 27.23	 9.43	
Primary cardiomyocytes-2#	 61.06	 23.62	 15.32		  <0.05*

Figure 4. Cell apoptosis results in H9c2 cells and primary cardiomyocytes by flow cytometer.
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dial cell proliferation by arrested the cell cycle in 
the S phase; (4) ppp2r3a silencing could mildly 
increase early apoptosis of cardiomyocytes; (5) 
19 proteins putatively interacted with PPP2R3A 
and the majority of the pathways were associat-
ed with the signaling. These results suggested 
that ppp2r3a knockdown can damage cardiac 

function, implying that ppp2r3a might display 
important roles in normal cardiac function and 
PPP2R3A in the regulation of cardiac events via 
its interaction partners.

Cell culture of cardiomyocytes is a critical 
tool in modern cardiac research and has been 
widely employed as experimental model to study 

Figure 5. Quality of cDNA library. The PCR products of 23 clones showed that the bands of cDNA fragments ranged from 
1.0 to 2.0kb in size.

Figure 6. Confirmation of the interaction in the bait vector pGBKT7-PPP2R3A. The Y2H yeast cells that were co-trans-
formed pGADT7 with and pGBKT7-PPP2R3A were plated on synthetically defined (SD) medium lacking leucin (Leu) and 
tryptophan (Trp) (SD/-Leu/-Trp), and histidine (His) as well as adenine (SD/-Leu/-Trp/-His/-adenine), and cultivated for 4 
days at 30°C. The transformants cannot grow normally on SD-TL and SD-TLHA defective plates and did not turn blue in the 
β-galactosidase assay, indicating that pGBKT7-PPP2R3A does not autonomously activate the reporter genes in yeast cells 
without a prey protein. Co-transformation with pGADT7 and pGBKT7-p53, pGBKT7-LaminC was used as a positive control 
and negative control respectively.

Figure 7. Confirmation of the interaction between the human primary cardiomyocytes’ cDNA library and pGBKT7-PPP2R3A 
by Y2H assays. The 30 colonies were plated on SD/-Leu/-Trp, and SD/-Leu/-Trp/-His/-adenine plates and cultivated for 4 days 
at 30°C. 24 positive interaction was indicated by the growth of SD/-Leu/-Trp/-His/-adenine plates and the presence of blue 
colonies on filter paper. The positive control colony were light blue and negative control was not displayed in blue.
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cardiac pathophysiology. Previous studies have 
shown that cardiomyocytes derived from em-
bryonic stem cells (ESCs) or induced pluripotent 
stem cells (iPSCs) have been shown to exhibit 
differences in electrophysiology from prima-
ry cardiomyocytes and the reprogramming and/
or differentiation process can be time consum-
ing and costly8. The primary culture of neonatal 
mice cardiomyocyte model enables to study and 
understand the morphological, biochemical, and 
electrophysiological characteristics of the heart9. 
Therefore, we utilized neonatal rat cardiomy-
ocytes (NRCM) due to its isolation and culture 
is easier, efficient, and it has many features. One 
challenge to NRCM isolation and culture is the 
rapid proliferation of fibroblasts. In our study, 
large amounts of NRCM were isolated success-
fully from fibroblasts through the exchange of the 
cell medium and using uncoated flasks. This was 
coincident with the numerous α-actin positive 
cells using fluorescence microscopy. 

Next, we observed that ppp2r3a is expressed in 
the myocardial cells with a relatively higher lev-
el. The results were consistent with earlier study 
showing that PR130, the largest transcript of 
PPP2R3A, was detected in almost all tissues, but 

with highest levels in heart and muscle, whereas 
PR72, another transcript of PPP2R3A, was ex-
pressed exclusively in heart and skeletal muscle10. 
In addition, we also observed that silencing no-
tably interrupted the cardiac function. A recent 
study7 showed that PR130-knockout exhibited 
cardiac looping defects, decreased cardiac func-
tion and fractional area, and increased apoptosis 
via reduced PP2A activity in the Zebrafish. Simi-
larly, pr72 knockout zebrafish also exhibited car-
diac developmental defects, including enlarged 
ventricular chambers, reduced cardiomyocytes 
and decreased cardiac function11.

A further study12 revealed that PR72 mediated 
Ca2+-dependent dephosphorylation at Thr-75 of 
DARPP-32 to affect the PP2A activity. Besides, 
dephophorylation of RyR2 was controlled by 
PP2A via binding with PR13013. Taken togeth-
er, PPP2R3A is the regulatory subunit of PP2A, 
where it appears to mediate the interaction be-
tween the PP2A heterodimer and its targeting 
substrates in cardiomyocytes. Thereby, we specu-
lated that PPP2R3A silencing is likely to interrupt 
the cardiac performance via altered PP2A activity 
to defected dephosphorylation on cardiac import-
ant proteins.

Table III. The BLAST results of positive interacting proteins from the pGBKT7-PPP2R3A bait.

No.	 GenBank 	 Protein Name	 Appearance
	 accession No.	

1	 XM_011543989.2	 Homo sapiens RNA binding motif protein 10 (RBM10)	 1
2	 NM_202470.2	 Homo sapiens GIPC PDZ domain containing 
		  family member 1 (GIPC1)	 2, 3
3	 XM_017023746.1	 Homo sapiens axin 1 (AXIN1)	 6
4	 NM_000089.3	 Homo sapiens collagen type I alpha 2 (COL1A2)	 7, 8, 10
5	 NM_006806.4	 Homo sapiens BTG anti-proliferation factor 3 (BTG3)	 9
6	 NM_002775.4	 Homo sapiens HtrA serine peptidase 1 (HTRA1)	 12
7	 XM_017028666.1	 Homo sapiens EWS RNA binding protein 1 (EWSR1)	 13
8	 XM_016999458.1	 Homo sapiens NUT family member 2B (NUTM2B)	 4
9	 XM_011539975.2	 Homo sapiens chromosome 10 open reading frame 2 (C10orf2)	 16
10	 XM_005247694.3	 Homo sapiens B-cell CLL/lymphoma 6 (BCL6)	 11, 20
11	 XM_017025144.1	 Homo sapiens myosin XVB (MYO15B)	 21
12	 NM_001317735.1	 Homo sapiens pre-B-cell leukemia homeobox interacting 	 22
		  protein 1 (PBXIP1)
13	 BC066956.1	 Homo sapiens vimentin	 23
14	 NM_182709.2	 Homo sapiens lysine acetyltransferase 5 (KAT5)	 24
15	 NM_199512.2	 Homo sapiens coiled-coil domain containing 80 (CCDC80)	 25
16	 XM_004062568.2	 Gorilla gorilla gorilla regulator of G-protein signaling 19 (RGS19)	 26
17	 KU178806.1	 Homo sapiens zinc finger CCCH-type with G patch domain 	 14, 27		
		  isoform 1 (ZGPAT)
18	 XM_017013308.1	 Homo sapiens KIAA1429 (KIAA1429)	 29
19	 XM_011527860.2	 Homo sapiens histocompatibility (minor) HA-1 (HMHA1)	 30
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In fact, PP2A plays an important role in de-
velopment, cell proliferation and death, cell mo-
bility, cytoskeleton dynamics, the control of the 
cell cycle, and the regulation of numerous sig-
naling pathways14. In the heart, PP2A is mainly 
responsible for dephosphorylating L-type Ca2+ 
channel15-17, the ryanodine receptor (RyR2)18, cTnI 
etc19-20. That is, PP2A is critical molecules in cel-
lular excitability and myocardial contractility via 
interacting with multiple components. Our study 
reflected that ppp2r3a silencing could inhibit 
myocardial cell proliferation and mildly increase 
early apoptosis of cardiomyocytes.

The phosphorylation and dephosphorylation 
of proteins mediated by PP2A plays a pivotal role 
in the control of a variety of cellular processes. 
However, the relationship between the down-
stream targets of PP2A and the proliferation and 
differentiation of cardiomyocytes remains to be 
further explored. In this paper, we identified 19 
proteins that putatively interacted with PPP2R3A. 
Among them, three proteins (COL1A2, GIPC1 
and BCL6) presented the higher screening fre-
quency with 24 clones. In particular, COL1A2 
was the highest, covering 12.5% of the 24 clones. 
It well known that the collagen synthesized by 
cardiac fibroblasts is required to maintain the in-
tegrity and biomechanical properties of the heart, 
of which type I collagen (COL1) represents ~80% 
of the total newly synthesized collagen21. COL1 
is composed of two chains, α1 (COL1A1) and α2. 
Functional COL1 consists of two α1 chains and 
one α2 chain tightly coiled around each other in 
a triple helix and become covalently cross-linked 
forming long fibrils, which provide a structural 
support for the attachment of cells and other ex-
tracellular matrix components22. Previous studies 
have identified its roles in common heart disor-

ders. For example, COL1A2 was highly expressed 
after myocardial infarction (MI) and hypertrophic 
cardiomyopathy23,24. COL1 also plays important 
roles during cardiac remodeling if which fails to 
be inactivated, resulting in fibrosis and cardiac 
dysfunction25. Recently, the research revealed that 
COL1 can reduce PP2A activity to enhance the 
differentiation and proliferation of myofibroblasts 
in MI26. Together, we proposed that interaction of 
COL1A2 and PPP2R3A might alter the activity of 
PPP2R3A to permit aberrant differentiation and 
proliferation on cardiomyocytes.

The GIPC1 gene (also known as C19orf3) lo-
cated at human chromosome 19p13.12 and consist 
of GIPC homology 1 (GH1) domain, PDZ domain 
and GH2 domain27. Physiological roles of GIPC1 
have been well characterized. GIPC1 is a cytoplas-
mic protein that acts as an adaptor protein, link-
ing receptor interactions to intracellular signaling 
pathways to regulate a variety of cellular process-
es, including cell cycle regulation28. Growing evi-
dence shows that proteins usually do not act as a 
single substance but rather as team participant in a 
dynamic network, this is possible knock-down of 
ppp2r3a has effect on cell cycle of cardiomyocytes 
through the interaction PPP2R3A of and GIPC1.

B-cell lymphoma 6 (BCL6) on chromosome 3, 
band q27 is initially discovered as an oncogene in 
B-cell lymphomas. BCL6 protein is an evolution-
arily conserved zinc finger transcription factor with 
an N-terminal POZ/BTB domain. This protein can 
form complexes with corepressors via protein-pro-
tein interactions (PPIs) to inhibit transcription and 
functions as a sequence-specific transcriptional re-
pressor29. Many studies30-32 have been focused on 
the effect of Bcl6 on cancer development, progress 
and metastasis. Recently, Gu et al33 observed that 
Bcl6 knockdown aggravated hypoxia injury in 

Figure 8. Candidate positive clone’s re-hybrid. with pGBKT7-PPP2R3A. 24 positive clones were co-transfected with bait 
plasmid pGBKT7-PPP2R3A, then were plated on SD/-Leu/-Trp, and SD/-Leu/-Trp/-His/-adenine plates to cultivate for 5 days 
at 30°C. All the 24 positive clones could activate His and Ade reporter genes on the SD/-Leu/-Trp/-His/-adenine plates and can 
turn blue in the β-galactosidase assay.
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cardiomyocytes, and Jian et al34 Bcl6 explored the 
functional role of Bcl6 in cardiac fibroblast activa-
tion and function. Given that all these data suggest 
the candidate protein is considered to be associated 
with the cardiovascular diseases and are potential 
disease-related proteins.

Conclusions

In summary, we provide new evidence that 
PPP2R3A plays an important role in maintaining 
normal myocardial function. Several important in-
teracting proteins (like COL1A2, GIPC1 and BCL6) 
may participate in this series of complex signal net-
works. Hence, it is expected to be a potential thera-
peutic target for the disease. However, its interaction 
with that kind of specific protein, how it works, and 
which way it does need to further research. 
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