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ARTICLE INFO ABSTRACT
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Congenital heart disease (CHD) is the most common birth defect in newborns. There is increasing evidence that
apoptosis and remodeling of the cardiomyoblasts are the major pathology of CHD. Previous research found that
TBX3 T-box transcription factor 3 (TBX3) was compulsory for the regulation of proliferation, cell cycle arrest and
Cell cycle arrest apoptosis in various cells. Hence, TBX3 might be involved in the treatment of CHD. The primary aim of this study
Apoptosis was to study the effects of TBX3 on apoptosis in aged cardiomyoblasts and investigate the latent mechanism. In
the present study, we found TBX3 knockdown induced proliferation inhibition, cell cycle arrest and apoptosis
accompanied by mitochondrial dysfunction in cardiomyoblasts at passage 10 to 15. Apoptosis-inducing effects of
TBX3 silence could be neutralized by silencing P21 using specific siRNA. In addition, the mRNA and protein
expression levels of TBX3 in the heart tissues of sporadic type CHD donors were obviously down-regulated. In
conclusion, we demonstrated that TBX3 deficiency accelerated apoptosis via directly regulating P21 expression
in senescent cardiomyoblasts.

1. Introduction

Congenital heart disease (CHD), the leading non-infectious cause of
morbidity and mortality in newborn children in the world, is a life-
threatening congenital malformation associated with genetic back-
grounds and environmental risk factors. According to the clinical
manifestation, CHD can be classified into two types, including acya-
notic congenital heart disease and cyanotic congenital heart disease
[1,2]. An increasing number of epidemiological investigations found
that the incidence of CHD was 19-75 of every 1000 living newborns
[3]. If the infants who did not survive were calculated, CHD incidence
would be higher [4,5]. Despite simple CHD can be completely remitted
at present, early surgical management that has high risk is the necessary
therapeutic strategy for complex CHD. As known, although multi-gene
abnormalities have been confirmed in the occurrence of CHD, the ac-
curate mechanism of CHD is remained to be investigated. Programmed
cell death plays a crucial part in maintaining normal cardiac function
under physiological conditions and apoptosis-related protein is

expressed at the basal level in the postnatal hearts [6,7]. A clinical
assessment indicated that aggravated apoptosis could be found in the
cardiac tissue samples from CHD patients compared with the normal
heart tissues from the aged-matched subjects [8]. In addition, pro-
moting proliferation and suppressing apoptosis exerted protective ef-
fects in H9C2 cardiomyoblasts, highlighting that apoptosis inhibition
might be a potential therapeutic strategy for CHD [9,10]. Hence, we
believe that inhibition of apoptosis in cardiomyoblasts might be a
promising therapeutic strategy to inhibit CHD development.

T-box transcription factor 3 (TBX3) belongs to the T-box factor fa-
mily that is composed of evolutionary conserved transcription factors
regulating early embryonic development [11]. TBX3 has established
role in the development of the heart, mammary glands, limbs and
genitalia in the vertebrates [12]. In addition, human TBX3 gene mu-
tation leads to ulnar-mammary syndrome (UMS), which is character-
ized by upper limb malformation, mammary hypoplasia, as well as
deficiency in hair, tooth and reproductive system [13,14]. On the
contrary, the oncogenic effects of TBX3 overexpression have emerged in
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a wide variety of cancer, including gastric cancer, breast cancer and
pancreatic cancer [15-17]. A recent study showed that the occurrence
and development of conotruncal heart defect could be attributed to the
variants of TBX3 [18]. Hence, the effects of TBX3 in cardiomyoblasts
are worth to be emphasized in CHD. Except for the definite regulation
role on the development of multiple organs, TBX3 expression possesses
the function on modulating cell cycle. The previous experiments have
shown that the protein expression of TBX3 is elevated at S phase and
TBX3 silence results in S phase arrest, indicating the regulation of TBX3
in cell cycle [19]. Moreover, the previous study also has illustrated that
the function of TBX3 on overriding cell cycle to inhibit apoptosis and
enhance proliferation is achieved by suppressing cell cycle regulatory
protein P21 (also named as P21 wafl/cipl and P21/CDKN1A) [19]. As
the downstream signaling molecule of P53, P21 serves as the inhibitor
of CDK family in both P53-dependent and P53-independent manners,
which is necessary for adjusting cell cycle and proliferation [20]. Cell
cycle transitions (G1 phase to S phase and G2 phase to mitosis) is de-
pended on continuous activation and inactivation of CDK proteins that
are attached to serine/threonine protein kinases [21]. For instance, the
activation of CDK4 and CDK6 by cyclin D1 senses the mitogenic signals
and serves as the growth factor sensors in G1 phase, cyclin E1 and E2-
induced CDK activation triggers the transition from G1 phase to S phase
[22]. Plus, the first identified CKI protein P21 suppresses diverse cell
cycle progression through disrupting the interactions between CDKs
and cyclin proteins [23]. Several lines of evidence demonstrate that the
mitochondrion involves in regulation of apoptosis in mammals. Mi-
tochondria are the cellular bioenergy centers in a physiological manner
[24]. In addition to participating in regulation of energy generation,
intercellular communication and metabolism, the importance of mi-
tochondria in apoptosis has been well established [25]. Cytochrome C
migrates from mitochondrial inter-membrane space to the cytoplasm
and triggers the apoptosis-related events at molecular levels [26]. Cy-
tosolic cytochrome C interacts with Apaf-1, recruits procaspase-9, as-
sembles cytochrome c/Apaf-1/caspase-9 apoptosomes, and thereby in-
itiating downstream apoptotic cascade [27]. These events above
suggested that TBX3 might be the important bond between the patho-
genesis of CHD and pathological apoptosis as well as cell cycle arrest in
cardiomyoblasts. Therefore, the effects of TBX3 in the pathogenesis of
CHD are worthy to be investigated.

Here we aimed to investigate the effects of TBX3 on mitochondrial
function, apoptosis and cell cycle arrest in aged H9C2 cardiomyoblasts
and explore the potential mechanism of CHD occurrence.

2. Materials and methods
2.1. Cell treatment

2.1.1. Cell culture

Rat cardiomyoblast H9C2 cell line was obtained from Zhong Qiao
Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). H9C2 cardio-
myoblasts at passage 10 to 15 were employed. H9C2 cardiomyoblasts
were grown in Dulbecco's modifed Eagle's medium (DMEM) (Gibco,
USA) supplemented with 10% fetal bovine serum (FBS) (Hyclone, USA)
at 37 °C with 5% CO, in a humidified incubator.

2.1.2. Transfection

H9C2 cardiomyoblasts at passage 10 to 15 were transfected with
TBX3-specific small interfering RNA (siRNA) 1-5 or control siRNA
(Wanlei Biological Technology Co., Ltd., Shenyang, China) according to
the instructions. Then, the transfected H9C2 cardiomyoblasts were
maintained in fresh culture medium for 48 h before the transfection
efficiency detection.

The sequences for TBX3 siRNA1-5 and control siRNA were listed as
follows:

TBX3 siRNA-1: 5-CCAUGAGAGAUCCGGUUAUTT-3’

5’-AUAACCGGAUCUCUCAUGGTT-3’
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TBX3 siRNA-2: 5’-GCGAAUGUUCCCUCCAUUUTT-3’
5-AAAUGGAGGGAACAUUCGCTT-3’

TBX3 siRNA-3: 5-GCUGAUGACUGUCGAUAUATT-3’
5-UAUAUCGACAGUCAUCAGCTT-3’

TBX3 siRNA-4: 5’-CCAACAACAUUUCGGAUAATT-3’
5-UUAUCCGAAAUGUUGUUGGTT-3’

TBX3 siRNA-5: 5-GCAGUCCAUGAGGGUGUUUTT-3’
5-AAACACCCUCAUGGACUGCTT-3’

Control siRNA: 5-UUCUCCGAACGUGUCACGUTT-3’
5-ACGUGACACGUUCGGAGAATT-3’

2.1.3. Transduction

HO9C2 cardiomyoblasts at passage 10 to 15 were transduced with
TBX3-expressing lentivirus or negative control lentivirus (Wanlei
Biological Technology Co., Ltd., Shenyang, China) and all the trans-
duction protocols were carried out according to the manufacturer's
instruction. Afterwards, the transduced H9C2 cardiomyoblasts were
maintained in fresh culture medium for 48 h before harvest.

2.2. Real-time polymerase chain reaction (RT-PCR)

After the corresponding treatment, the total RNA of aforementioned
H9C2 cardiomyoblasts or heart samples was extracted by using Trizol
reagent. After TBX3 cDNA was synthesized by using the M-MLV reverse
transcriptase (TianGEN, China), RT-PCR analysis was conducted with
SYBR Green master mix kits in the Exicycler 96 System (Bioneer,
Korea). TBX3 mRNA level was normalized to that of GAPDH and cal-
culated by 2 “AACT method.

The primers for RT-PCR were as follows:

Rat TBX3 forward: 5-TCGGATAAACACGGATTTACTT-3’; reverse:
5-GTTGGCTCTGACGATGTGG-3’

Rat GAPDH forward: 5-ACGTTGACATCCGTAAAGAC-3’; reverse:
5-TAGGAGCCAGGGCAGTAA-3’

Human TBX3 forward: 5-GGCATCCCGTTCTCCTCCCT-3’; reverse:
5-TCGCCTTCCCGACTTGGT-3’

Human GAPDH forward: 5-GACCTGACCTGCCGTCTAG-3’; reverse:
5-AGGAGTGGGTGTCGCTGT-3’

2.3. Cell counting kit-8 (CCK-8) assay

To assess the viability of aged H9C2 cardiomyoblasts following
treatment, H9C2 cardiomyoblasts at passage 10 to 15 were seeded in
plates at a density of 5 x 10°cells/well. After the transfection or
transduction described above, the H9C2 cardiomyoblasts were in-
cubated for another 0, 24 or 48 h before the exposure to CCK8 solution
(KeyGEN BioTECH, China) according to the manufacturer's instruc-
tions. The absorbance at 450 nm was measured by a microplate reader.

2.4. Cell cycle analysis

Cell cycle distribution of the aforementioned H9C2 cardiomyoblasts
was analyzed by using flow cytometry. To be brief, HOC2 cardiomyo-
blasts at passage 10 to 15 were harvested 48 h after the respective
treatment, fixed in 70% ethanol at 4 °C for 2 h, treated with propidium
iodide (PI) dye (Beyotime Institute of Biotechnology, China) at 37 °C for
30min, and subsequently analyzed by using a flow cytometer
(NovoCyte, United States).

2.5. Hochest 33342 staining

Hoechst 33342 staining was implemented to observe the apoptotic
morphological characteristics of aged H9C2 cardiomyoblasts. Simply,
H9C2 cardiomyoblasts at passage 10 to 15 were plated in a 6-well plate
at a density of 1 x 10° cells/well. Following the transfection or trans-
duction protocol, the H9C2 cardiomyoblasts were incubated for another
48 h, washed with PBS, and stained by Hoechst 33342 according to the
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manufacturer's instruction. Finally, apoptotic morphological alterations
in the stained H9C2 cardiomyoblasts were observed under a fluores-
cence microscope at 400 X magnification.

2.6. Apoptosis analysis

The influence of TBX3 expression on apoptosis in aged H9C2 car-
diomyoblast was examined using flow cytometry. Simply, HOC2 car-
diomyoblasts at passage 10 to 15 were plated in a 6-well plate at a
density of 1 x 10° cells/well. Following the transfection or transduc-
tion protocol, the H9C2 cardiomyoblasts were stained by adding
Annexin V-fluorescein isothiocyanate (FITC) and PI in dark at room
temperature for 10-20 min finally, apoptosis rate of the treated H9C2
cardiomyoblasts was detected by using a flow cytometer (NovoCyte,
United States).

2.7. Mitochondrial membrane potential detection

The changes of mitochondrial membrane potential in aforemen-
tioned H9C2 cardiomyoblasts were detected by using specific fluor-
escent probe JC-1 according to the requirement of mitochondrial
membrane potential detection kit (Beyotime Institute of Biotechnology,
China). The relative fluorescence intensity (excitation and emission
wavelengths of 485 and 525 nm, excitation and emission wavelengths
of 525 and 590 nm, respectively) represented the change of mi-
tochondrial membrane potential.

2.8. Adenosine triphosphatase (ATPase) activity

Treated H9C2 cardiomyoblasts were lysed with PBS and the protein
concentrations of lysis were determined by BCA protein quantification
kit (Beyotime Institute of Biotechnology, China). In short, the activity of
ATPase in H9C2 cardiomyoblasts was quantified by corresponding
commercial kits (Nanjing Jiancheng Bioengineering Institute, China).
The activity of ATPase was expressed as U per milligram protein (U/mg
prot).

2.9. Mitochondrial reactive oxygen species (ROS) production

Mitochondria of the H9C2 cardiomyoblasts at passage 10 to 15 were
separated by centrifugation as recommended by the manufacturer
(Beyotime Institute of Biotechnology, China). The separated mi-
tochondria were incubated with 10 uM fluorescence probe DCFH-DA
for 30 minat 37 °C followed by fluorescence intensity detection ac-
cording to the instructions of ROS detection kit (Beyotime Institute of
Biotechnology, China).

2.10. Immunofluorescence

H9C2 cardiomyoblasts at passage 10 to 15 were treated as described
in cell treatment, fixed with 4% paraformaldehyde for 15 min, and then
incubated with 0.1% tritonX-100 (Beyotime Institute of Biotechnology,
China) for 30 min at room temperature. After wash with PBS for three
times, the treated H9C2 cardiomyoblasts were incubated with primary
Ki67 antibody (Cell Signaling Technology, United States, dilution:
1:100) overnight at 4 °C followed by Cy3-labeled goat anti-rabbit IgG
(H + L) (Solarbio, China). Afterwards, 4’, 6-diamidino-2-phenylindole
(DAPI, Beyotime Institute of Biotechnology, China) incubation was
utilized to stain the nuclei. Finally, immune-positive H9C2 cardio-
myoblasts were observed under a fluorescence microscope at 400 X
magnification.

2.11. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was implemented to detect the targeted relationship
between TBX3 and P21. Briefly, the aforementioned H9C2
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cardiomyoblasts were fixed in 1% formaldehyde solution at room
temperature for 10min, washed with PBS, and harvested by cen-
trifugation at 2000 rpm for 5 min. The chromatin was isolated and ex-
posed to sonication to obtain DNA fragments (fractionated size:
500-1000 bp) that were in turn immunoprecipitated with TBX3 anti-
body. Afterwards, the TBX3 protein-bound DNA was purified by a DNA
purifcation kit (Wanlei Biological Technology Co., Ltd., Shenyang,
China). Finally, the purified DNA was utilized to analyze the combi-
nation between TBX3 and P21.

2.12. Western blot

The mitochondrial and total protein samples were isolated from the
aforementioned H9C2 cardiomyoblasts. Briefly, the same amount of
protein samples were separated by 8%, 10% or 14% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto PVDF membranes (Millipore, USA) that were subsequently
blocked by 5% non-fat milk for 1hat the room temperature.
Afterwards, the PVDF membranes were subjected to the relevant pri-
mary antibody at 4°C overnight, respective horseradish peroxidase
(HRP) labeled secondary antibody (Solarbio, China) for 45 min at 37 °C,
and ultimately the ECL kit (Solarbio, China). The quantification of the
protein expression was implemented by Gel-Pro-Analyzer software.

The primary antibodies were as follows: TBX3 (Abcam, UK), cyclin
A (Abcam, UK), cyclin D1 (Cell Signaling Technology, United States),
cyclin B1 (Cell Signaling Technology, United States), caspase-3 (Boster,
China), cleaved caspase-3 (Cell Signaling Technology, United States),
caspase-9 (Abcam, UK), cleaved caspase-9 (Cell Signaling Technology,
United States), Bcl-2 (proteintech, China), Bax (proteintech, China),
cleaved-PARP (Cell Signaling Technology, United States), cytochrome C
(Cell Signaling Technology, United States), P21 (Abclonal, China).

2.13. Patient samples

Eight heart samples from CHD fetuses (24-25 weeks) were recruited
in the First Affiliated Hospital of China Medical University. The
sporadic types of CHD included ventricular septal defect, atrioven-
tricular septal defect and atrial septal defect. Eight healthy hearts came
from fetuses (24-25 weeks) with other congenital defects. Heart tissue
collection was implemented after abortion. RT-PCR and TBX3 ELISA
(USCN, China) were used to detect heart TBX3 mRNA and protein le-
vels. The procedures were in accordance with the Declaration of
Helsinki and the protocols were accordance with the Ethics Committee
of the First Affiliated Hospital of China Medical University.

2.14. Statistical analysis

Data were presented as mean *+ standard derivations (SD) and
calculated by GraphPad Prism 7.0 (GraphPad Software, United States).
Significant differences between two groups were analyzed by t-test and
data from three or more groups was determined using one way analysis
of variance (ANOVA) followed by a Tukey's multiple comparison test.
Value of p less than 0.05 was considered statistically significant. All in
vitro experiments were performed three times (n = 3).

3. Results
3.1. Effect of TBX3 on proliferation in H9C2 cardiomyoblasts

CCK-8 assay was utilized to inspect the influence of TBX3 expression
on proliferation of H9C2 cardiomyoblasts. We used TBX3 specific
siRNA to silence CXCR2 gene in H9C2 cardiomyoblasts, meanwhile,
TBX3-expressing lentivirus was used to induce TBX3 overexpression
(Supplement Figs. S1-2). As shown in Fig. 1A, TBX3 knockdown sig-
nificantly decreased H9C2 cardiomyoblast viability in a time dependent
manner. On the contrary, H9C2 cardiomyoblast proliferation could be
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Fig. 1. Effect of TBX3 on proliferation in H9C2 cardiomyoblasts. (A) CCK-8 was used to evaluate the effect of TBX3 expression on viability in H9C2 cardio-
myoblasts. (B) Immunofluorescence targeting Ki67 in treated H9C2 cardiomyoblasts. Data were represented as mean *+ SD at least three independent experiments.
The data from three or more groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test.

elevated with TBX3 overexpression. Similar to the results of CCK8, the
fluorescence targeting the proliferation markers Ki67 was whittled with
TBX3 silence while enhanced with TBX3 overexpression in H9C2 car-
diomyoblasts (Fig. 1B). The above results indicated that TBX3 silence
accelerated proliferation deficiency in H9C2 cardiomyoblasts.

3.2. Effect of TBX3 on cell cycle arrest in H9C2 cardiomyoblasts

To investigate whether TBX3 expression was involved in cell cycle
arrest, we analyzed the distribution of H9C2 cardiomyoblast cell cycle
following TBX3 expression interference. As exhibited in Fig. 2A, com-
pared with the control group, there was a significant increase in the
percentage of H9C2 cardiomyoblasts at G1 phase (p < 0.05) while an
obvious decrease at S phase (p < 0.05) after TBX3 specific siRNA
treatment. However, TBX3 overexpression did not markedly affected
cell cycle distribution in H9C2 cardiomyoblasts. In addition, TBX3 si-
lence inhibited the expression of cyclin protein family, including cyclin
D1, cyclin A and cyclin B1 (Fig. 2B-D, p < 0.05). Interestingly, TBX3
overexpression could aggrandize cyclin protein expression while did
not regulate cell cycle in H9C2 cardiomyoblasts. The data indicated that
TBX3 knockdown accelerated cell cycle arrest at S phase in H9C2 car-
diomyoblasts.

3.3. Effect of TBX3 on apoptosis in H9C2 cardiomyoblasts

Since apoptosis is a consequence of cell cycle arrest, we employed
Hoechst 33342 staining to observe apoptosis morphology and Annexin
V FITC/PI double staining to quantify cell apoptosis rate in H9C2 car-
diomyoblasts after TBX3 expression interference. As shown in Fig. 3A,
TBX3 siRNA-treated H9C2 cardiomyoblasts exhibited typical morpho-
logical characteristics of apoptosis, including nuclear fragmentation
and chromatin condensation. Afterwards, the percentage of apoptotic
H9C2 cardiomyoblasts was assessed by Annexin V FITC/PI double
staining and the data showed that TBX3 silence dramatically induced
apoptosis in H9C2 cardiomyoblasts (Fig. 3B-C, p < 0.05). Subse-
quently, western blot was also conducted to investigate the levels of
Apoptosis related proteins, such as cleaved caspase-9, cleaved caspase-
3, cleaved PARP, Bcl-2 and Bax. The results demonstrated an increase in
the levels of cleaved caspase-9, cleaved caspase-3, cleaved PARP and
Bax, and a decrease in Bcl-2 after TBX3 knockdown in H9C2 cardio-
myoblasts (Fig. 3D-H, p < 0.05). However, there was no significant
change in apoptotic state of TBX3-overexpressing H9C2 cardiomyo-
blasts. The results indicated that TBX3 knockdown was involved in
H9C2 cardiomyoblast apoptosis.

3.4. Effect of TBX3 on mitochondrial function in H9C2 cardiomyoblasts

To further examine the effects of TBX3 expression on mitochondrial

function in H9C2 cardiomyoblasts, we first detected the alterations of
mitochondrial membrane potential by utilizing the JC-1 fluorescent
dye. As shown in Fig. 4A, the ratio between the red and green fluor-
escence in H9C2 cardiomyoblasts loaded with JC-1 staining was sig-
nificantly down-regulated after TBX3 knockdown (p < 0.05). Then
mitochondrial ATPase activity and ROS generation were also analyzed.
The results showed that mitochondrial ATPase activity was down-
regulated (Fig. 4B, p < 0.05) and ROS generation was up-regulated
(Fig. 4C, p < 0.05) in H9C2 cardiomyoblasts with TBX3 knockdown,
which indicated the existence of mitochondrial dysfunction. Besides, as
exhibited in Fig. 4D-E, the cytochrome C content in the cytoplasm was
prominently increased while decreased in the mitochondria after TBX3
siRNA treatment, indicating TBX3 knockdown accelerated cytochrome
C release from the mitochondria into the cytoplasm in H9C2 cardio-
myoblasts. The results indicated that TBX3 knockdown induced mi-
tochondrial disorder in in H9C2 cardiomyoblasts.

3.5. Effect of TBX3 on p21 expression in H9C2 cardiomyoblasts

To investigate the underlying mechanism of TBX3 expression on cell
cycle and apoptosis, we detected cell cycle regulatory protein P21 levels
in H9C2 cardiomyoblasts after TBX3 expression interference. As shown
in Fig. 5A-B, both the mRNA and protein levels of P21 were increased
in H9C2 cardiomyoblasts with TBX3 knockdown (p < 0.05). More-
over, the interaction between TBX3 protein and P21 DNA was verified
by ChIP assay (Fig. 5C). The results indicated that P21 gene expression
was directly regulated by TBX3 protein.

3.6. Effect of TBX3/p21 pathway on proliferation in H9C2 cardiomyoblasts

To verify the effect of TBX3/p21 pathway on proliferation in HOC2
cardiomyoblasts, TBX3 siRNA and p21 siRNA were co-transfected into
H9C2 cardiomyoblasts. As shown in Fig. 6A, P21 expression was ob-
viously suppressed after the co-transfection compared with TBX3 siRNA
transfection alone (p < 0.05). Additionally, the decreased proliferation
capacity induced by TBX3 silence could be observably promoted by
TBX3 siRNA and p21 siRNA co-transfection in H9C2 cardiomyoblasts
(Fig. 6B), manifesting that TBX3/p21 pathway might participate in the
regulation of proliferation in H9C2 cardiomyoblasts.

3.7. TBX3 expression in CHD samples

Finally, we examined the mRNA and protein expression of TBX3 in
the hearts of CHD donors to verify its potential in CHD treatment. As
shown in Fig. 7A and B, the mRNA and protein expression levels of
TBX3 were obviously decreased in donors with sporadic type CHD
compared with the control ones (p < 0.05), indicating the importance
of TBX3 in CHD treatment.
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Fig. 2. Effect of TBX3 on cell cycle arrest in H9C2 cardiomyoblasts. (A) Flow cytometry was used to analyze cell cycle distribution in H9C2 cardiomyoblasts.
Representative western blot for (B) Cyclin D1, (C) Cyclin A and (D) Cyclin B1 in H9C2 cardiomyoblasts. Data were represented as mean = SD at least three
independent experiments. The data from three or more groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison

test.

4. Discussion

Pathological cardiomyoblast loss is a major histopathological hall-
mark of CHD, but the accurate molecular mechanisms still need future
investigation. In the present study, we investigated whether TBX3 ex-
pression deficiency was the key point of accelerating mitochondrial
dysfunction, cell cycle arrest and apoptosis in aged H9C2 cardiomyo-
blasts. We found that TBX3 silence by specific siRNA inhibited pro-
liferation and blocked G1/S phase transition in aged H9C2 cardio-
myoblasts. TBX3 knockdown up-regulated aged H9C2 cardiomyoblast
apoptosis accompanied by mitochondrial dysfunction. Besides, the
apoptosis induction of TBX3 deletion in aged H9C2 cardiomyoblasts
could be abolished by P21 knockdown. Interestingly, exorbitant pro-
liferate was not observed in H9C2 cardiomyoblast with TBX3 over-
expression. Hence, our results manifested that TBX3 was an important
mediator that regulated proliferation and apoptosis by targeting P21 in
aged H9C2 cardiomyoblasts.

TBX3 is a critical member of the highly conserved T-box family of

transcription factors that possess explicit regulatory role on develop-
ment in vertebrates [28]. Moreover, TBX3 involves in cell fate decision,
cell cycle regulation, organ development and even oncogenesis [29]. In
addition, a strong relationship between TBX3 insufficiency and con-
genital developmental disorders has been reported in the literature
[30]. As mentioned in the aforementioned literature, TBX3 variants
could be observed in patients with conotruncal heart defects, a het-
erogeneous congenital heart malformation [18]. In our study, we found
TBX3 deficiency in the hearts of donors with sporadic types of CHD,
which indicated its clinical importance in CHD treatment. Afterwards,
in order to further verify the effects of TBX3 expression on the cell
proliferative potential in aged H9C2 cardiomyoblasts, we employed
TBXS3 specific siRNA to silence TBX3 and TBX3-expressing lentivirus to
increase TBX3 in HI9C2 cells at passage 10 to 15. After the corre-
sponding treatment, the mRNA and protein levels of TBX3 were re-
spectively up-regulated and down-regulated in H9C2 cardiomyoblasts
(Supplement Figs. S1-2). Besides, the inhibiting effects of TBX3 silence
did not appear until 48h after TBX3 specific siRNA employment.
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Fig. 3. Effect of TBX3 on apoptosis in H9C2 cardiomyoblasts. (A) Representative images of Hoechst 33342 staining at 400 x magnification in H9C2 cardio-
myoblasts. (B) Annexin V FITC/PI double staining and (C) apoptosis rate of H9C2 cardiomyoblasts were detected by using a flow cytometer. Representative western
blot for (D) cleaved caspase-9, (E) cleaved caspase-3 and (F) Bcl-2, (G) Bax and (H) cleaved PARP in H9C2 cardiomyoblasts. Data were represented as mean = SD at
least three independent experiments. The data from three or more groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's multiple

comparison test.

Similarly, the effects of promoting growth were detected 48h after
TBX3-expressing lentivirus transduction. It is well understood that Ki67
protein expressed at all stages of the cell cycle other than resting phase
is an approved cellular marker labeling proliferative potential in several
cell types [31]. Hence, we utilized immunofluorescence targeting Ki67

to verify cellular proliferation in aged H9C2 cardiomyoblasts 48 h after
treatment and the results were in line with CCK8 analysis. Based on
these data, we confirmed that the abnormal expression of TBX3 was
involved in the regulation of proliferation in aged H9C2 cardiomyo-
blasts.
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Fig. 4. Effect of TBX3 on mitochondrial function in H9C2 cardiomyoblasts. (A) The alteration of mitochondrial membrane potential in H9C2 cardiomyoblasts.
(B) The activity of ATPase in H9C2 cardiomyoblasts. (C) Fluorescence intensity of ROS in H9C2 cardiomyoblasts. Representative western blot for (D) cytochrome C in
the cytoplasm and (E) cytochrome C in the mitochondria of H9C2 cardiomyoblasts. The data from three or more groups were analyzed by one-way analysis of

variance (ANOVA) followed by Tukey's multiple comparison test.

It is well accepted that transition from G1 phase to S phase and G2
phase to M phase are the two critical stage of the cell cycle. In addition,
cell growth can be inhibited, if the cell cycle is blocked at any phase.
Prior studies that have suggested the importance of TBX3 expression on
inducing cell cycle arrest through blocking G1/S transition [19]. Sub-
sequently, the effects of TBX3 expression on the distribution of cell
cycle in H9C2 cardiomyoblasts were investigated by using flow cyto-
metry. We also observed that the percentage of aged H9C2 cardio-
myoblast at G1 phase was increased while decreased in S phase, in-
dicating the diminished DNA synthesis after TBX3 knockdown. Since
cell cycle was triggered by CDKs and their regulatory subunit cyclins,
we found cyclin D1, cyclin A and cyclin Bl levels were decreased in
TBX3 siRNA-treated H9C2 cardiomyoblasts. Wondrously, TBX3
knockdown inhibited cell proliferation and triggered cell cycle arrest,
but TBX3 over-expression is ineffective for the cell cycle in aged H9C2
cardiomyoblasts, the mechanism of which needed further investigation.

Since cell cycle arrest is an induction factor of apoptosis, which is
considered to participate in pathological changes of diverse cardiac
disorders, such as myocarditis and cardiomyopathy [7]. Although
apoptosis is occurred at base levels under the physiological circum-
stance, excessive cardiomyoblast apoptosis can be detected in CHD
patients with volume overload [32]. Recently, inhibiting apoptosis and

elevating survival of cardiomyoblasts have been proposed as the pro-
mising treatment strategies targeting CHD. Based on the above, we tried
to evaluate changes in apoptosis morphology, apoptosis index and
apoptosis-related protein expression in modified H9C2 cardiomyo-
blasts. The data of current study demonstrated that apoptosis was
promoted after TBX3 silence in aged H9C2 cardiomyoblasts. Moreover,
mitochondrial dysfunction characterized by decreased mitochondrial
membrane potential, suppressed ATPase activity and elevated ROS
generation was also detected in TBX3-silenced H9C2 cardiomyoblasts.
Since apoptosis could be affected by multifarious intracellular trans-
duction cascades, we only explored the pathway associated with cell
cycle arrest. As an inhibitor of CDKs, P21 is known to possess multiple
biological functions, such as regulating cell cycle, differentiation and
apoptosis [33]. Nonetheless, the effect of P21 on apoptosis is bidirec-
tional. This is mainly because P21 expression induces cell cycle
blockage to repair DNA damage when the cell suffers mild DNA lesions,
whereas P21 triggers apoptotic response once the DNA damage exceeds
the repair ability [34]. In order to investigate the role of P21 in mod-
ified H9C2 cardiomyoblasts, we co-transfected TBX3 siRNA and P21
siRNA into aged H9C2 cardiomyoblasts. In our study, P21 silence
abolished the apoptosis-inducing effects of TBX3 deficiency. Combined
the CHIP assay, we found P21 was the direct downstream signaling
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Fig. 5. Effect of TBX3 on p21 expression in H9C2 cardiomyoblasts. The relative (A) mRNA and (B) protein levels of P21 in H9C2 cardiomyoblasts. (C) ChIP was
used to verify the targeted combination between TBX3 and p21 in H9C2 cardiomyoblasts. Negative control: control IgG; Positive control: anti-RNA Polymerase II;
PCR-negative control: distilled H,O; RT-Input 1: P21; RT-Input 2: GAPDH. The data from three or more groups were analyzed by one-way analysis of variance

(ANOVA) followed by Tukey's multiple comparison test.

molecule of TBX3. Based on the data above, we summarized TBX3/P21
signaling was involved in apoptotic occurrence in aged H9C2 cardio-
myoblasts.

H9C2 cardiomyoblasts at passage 10 to 15 were employed in the
present study. Prior studies have suggested that morphology changes
and sensitivity to toxicity are increased with the number of passages in
H9C2 cardiomyoblasts [35]. However, the literature results also in-
dicated that the influence of cell line passage number on the reliability
of study results was intricate and depended on multi-factor, such as
culture conditions [35]. Hence, we will investigate the effect of TBX3
deficiency on apoptosis in cardiomyoblasts at different passage in the
future.

In conclusion, the present study showed that TBX3 expression de-
ficiency accelerated apoptosis in aged cardiomyoblasts, which was ac-
companied by mitochondrial dysfunction, cell cycle arrest, growth
suppression and apoptosis. Although more research should be
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Fig. 7. TBX3 expression in CHD samples. TBX3 mRNA (A) and protein (B)
levels in the heart tissues of CHD donors. The data from two groups was de-
termined by t-test.

Fig. 6. Effect of TBX3/p21 pathway on pro-
liferation in H9C2 cardiomyoblasts. (A) The
relative protein levels of P21 in H9C2 cardio-
myoblasts. (B) Immunofluorescence targeting
Ki67 in H9C2 cardiomyoblasts. The data from
three or more groups were analyzed by one-way
analysis of variance (ANOVA) followed by
Tukey's multiple comparison test.
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implemented to verify the accurate mechanism of TBX3 expression on
cardiomyoblast function, our work suggests TBX3 maybe one of the
potential therapeutic targets of CHD.
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