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Background: Cardiac allograft vasculopathy (CAV) decreases the long-term survival of heart 
transplantation recipients. Vascular smooth muscle cell (VSMC) apoptosis is an important pathological 
feature of CAV. Erythroblast transformation-specific 2 (Ets-2), as a transcription factor, participates in cell 
apoptosis and plays an important role in organ transplantation.
Methods: Hearts from Wistar-Furth (WF:RT1u) rats were heterotopically transplanted into Lewis (Lew:RT1l) 
rats without immunosuppression. Additional syngeneic heterotopic cardiac transplantations were performed 
in Lewis rats. HE staining was used to identify CAV. Ets-2 expression was examined by western blot. Ets-2 
tissue location was examined by immunohistochemical assay and double immunostaining. Cleaved caspase 3 
expression was detected by western blot. Co-localization of Ets-2 and cleaved caspase 3 was detected by double 
immunostaining. Ets-2, p53, cleaved caspase 3 and Bcl-xl expression in rat VSMC line A7R5 was examined 
after Ets-2 siRNA transfection. TUNEL assay was applied to detect A7R5 apoptosis with or without ETS-2 
siRNA transfection. Immunoprecipitation was performed to explore the interaction between Ets-2 and p53.
Results: Ets-2 expression decreased in the allograft group but had no obvious change in the isograft group. 
Meanwhile, the phenomenon of CAV was observed in the allograft group and there is neointima formation 
in the isograft group which is not obvious compared with allograft group. Additionally, Ets-2 expression was 
opposite to VSMC apoptosis in the allograft group. In vitro, Ets-2 siRNA transfection in A7R5cells resulted 
in enhanced cell apoptosis. Finally, Ets-2 interacted with p53.
Conclusions: Ets-2 might inhibit VSMC apoptosis via p53 pathway. The results further elucidate the 
molecular mechanism of VSMC apoptosis after heart transplantation during CAV and provide theoretical 
basis for seeking new specific drug targets for CAV prevention and treatment.
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Introduction

There have been over 60,000 heart transplants performed 
worldwide since the first successful heart transplantation 
by Christian Barnard in 1967 (1). Cardiac transplantation 
has been the most effective operation for patients with 
end-stage heart failure for over five decades (2-5). Short-
term survival has improved significantly with better 
immunosuppressive therapy and improved surgical 
techniques. However, recent findings have also revealed 
that the major determinants of patient long-term survival 
are malignancy and cardiac allograft vasculopathy (CAV), 
which is also known as transplant coronary artery disease or 
cardiac transplant vasculopathy (6,7). Multiple experimental 
and clinical studies have shown that vascular smooth muscle 
cell (VSMC), especially its migration, proliferation and 
apoptosis (8-10), plays an important role in the formation 
of CAV. Until now, the molecular mechanism of VSMC is 
little understood in rat heterotopic heart transplantation 
model.

The erythroblast transformation-specific (Ets) family 
includes transcription factors involved in signal transduction, 
cell cycle progression and differentiation (11-13). Each 
Ets family member contains a conserved DNA-binding 
domain of 85 amino acids, named the ETS domain (13), 
which recognizes GGAA/T purine-rich core sequences in 
promoters of target genes. The erythroblast transformation-
specific (Ets) family encompasses a large number of genes 
such as ets-1, ets-2, elf-1, elk-1, erg-1, fli-1, PU-1 that has 
been linked with various organ transplantation in fruitflies, 
worms, fishes, frogs and mice (14-16). Among these 
members, Ets-2 has attracted researchers’ interest. Ets-2 was 
first identified by its homology to v-Ets of the erythroid-
myeloid transforming E26 avian retrovirus (17), expressed 
in a variety of tissues and cells. Recently, it was shown that 
Ets-2 may play an important role in organ transplantation. 
For example, Ets-2 was increased and co-localized with type 
I collagen in the pathogenesis of pulmonary fibrosis after 
lung transplantation (18). Additionally, Ets-2 regulating the 
expression of miR-223 was highly predictive of acute rejection 
in renal transplantation (19). Liver injury that could be caused 
by liver transplant is associated with human fibrinogen-
like protein 2 (hfgl2) expression, whose transcription is 
dependent on Ets-2 and mitogen-activated protein 
kinase (MAPK) signaling pathways (20). Meanwhile, the 
expression of Ets-2 is associated with VSMC migration (21),  
proliferation (22), apoptosis (23), while vasculopathy is 
associated with VSMC apoptosis (24,25). Therefore we put 

forward hypotheses that Ets-2 is correlated with VSMC 
apoptosis in rat heterotopic heart transplantation model.

In this study, we examined the expression of Ets-2 after 
rat heterotopic heart transplantation and demonstrated 
whether Ets-2 could regulate VSMC apoptosis to affect 
CAV process. All data indicated that Ets-2 could inhibit 
VSMC apoptosis in rat heterotopic heart transplantation 
model and relieve CAV, which may have therapeutic 
implications for improving the survival of cardiac transplant 
patients in clinical practice. 

Methods

Animals, experimental protocol and groups

Male (Lew:RT1l and WF:RT1u) rats, 8–12 weeks, were 
obtained from the Department of Animal Center, Nantong 
University (26). All animal care and surgical interventions 
were executed according to the National Institutes of Health 
Guidelines for the Care and Use of Laboratory Animals 
(National Research Council, 1996, USA) (27), and were 
approved by the Chinese National Committee to the Use of 
Experimental Animals for Medical Purposes, Jiangsu Branch. 
The number of the ethical approval is 20160606-001.

All efforts were made to minimize the number of 
animals used and their suffering. Hearts from Wistar-
Furth (WF:RT1u) rats were heterotopically transplanted 
into Lewis (Lew:RT1l) rats without immunosuppression 
using the previously described technique with modification 
(28-30). Additional syngeneic heterotopic cardiac 
transplantations were performed in Lewis rats. The 
modified surgical procedure connected the recipient 
external jugular vein to the pulmonary artery (the aorta) 
using a 18 G cuff and the recipient common carotid artery 
to the innominate artery using a 20 G cuff. The 2% 
carbrital (45 mg/kg) was used as anesthetics. Wistar rats to 
Lewis rats and Lewis rats to Lewis rats heart transplantation 
was performed, with a surgical success rate of 94.2% 
(49/52) and 96.2% (50/52). Three deaths were related to 
anesthetic accidents, and two animals died of bleeding. 
The cold ischemia time was less than 30 min. Recipients 
were sacrificed on day 7, 14, 21, 28 post-transplant. The 
coronary artery and a few tissues around it were removed 
and processed for histopathology, immunohistochemistry, 
western blot analyses and double immunofluorescent 
staining. Normal donor hearts were harvested on day 0 (n=3 
in each group/day). The viability of the cardiac allograft was 
assessed by daily common palpation (31). The day of graft 
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failure was defined by cessation of graft heartbeat.

Western blot 

To obtain samples for western blot analysis (32), the 
hearts were excised and snap frozen at −70 ℃ until used. 
To prepare lysates, heart samples were minced with eye 
scissors in ice. The samples were then homogenized in lysis 
buffer (1% NP-40, 50 mmol/L Tris, pH =7.5, 5 mmol/L  
EDTA, 1% SDS, 1% sodium deoxycholate, 1% triton X-100, 
1 mmol/L PMSF, 10 mg/mL aprotinin, and 1 mg/mL  
leupeptin) and clarified by centrifuging for 20 min in a 
microcentrifuge at 4 ℃. After determination of its protein 
concentration with the Bradford assay (Bio-Rad, Richmond, 
CA, USA), the resulting supernatant (50 μg of protein) 
was subjected to SDS-PAGE. The separated proteins were 
transferred to a PVGF membrane (Millipore, Bedford, 
MA, USA) by a transfer apparatus at 350 mA for 2.5 h. 
The membrane was then blocked with 5% nonfat milk and 
incubated with primary antibodies against Ets-2 (rabbit, 
1:500; Santa Cruz Biotech, Santa Cruz, CA, USA), cleaved 
caspase 3 (mouse, 1:1,000; Santa Cruz Biotech, Santa 
Cruz, CA, USA), procaspase 3 (mouse, 1:1,000; Santa Cruz 
Biotech, Santa Cruz, CA, USA), p53 (rabbit, 1:500; Santa 
Cruz Biotech), Bcl-xl (rabbit, 1:500; Santa Cruz Biotech) or 
β-actin (rabbit, 1:1,000; Sigma, St. Louis, MO, USA). After 
the wash with TBST buffer for three 5 min, the membrane 
was incubated with HRP-conjugated secondary antibody 
(1:5,000; Santa Cruz Biotech) for 2 h at room temperature 
(RT). The detection of immunoreactive bands was 
performed with an enhanced chemiluminescence system 
(NEN Life Science Products, Boston, MA, USA). Values 
are responsible for at least three independent reactions.

Histopathology and immunohistochemistry

Heart tissue samples was processed and fixed in 10% 
formalin, embedded in paraffin and sectioned. The sections 
were either stained with hematoxylin and eosin (HE) or 
analyzed for Ets-2 expression by immunohistochemistry (33).  
Sections were deparaffinized and rehydrated using xylene 
and ethanol, respectively. Then the sections were boiled at a 
controlled final temperature of 121 ℃ for 20 min in 10 mm  
citrate buffer solution (pH 6.0) for antigen retrieval. 
Endogenous peroxidase activity was blocked by immersed 
in 0.3% hydrogen peroxide solution for 10 min. After 
rinsing in PBS (pH 7.2), 10% goat serum was applied for 
1 h at RT to block any nonspecific reactions and incubated 

overnight at 4 ℃ with anti-Ets-2 antibody (rabbit, 1:200; 
Santa Cruz Biotech) or cleaved caspase 3 antibody (mouse, 
1:200; Santa Cruz Biotech, Santa Cruz, CA, USA). The 
sections were washed with PBS three times, incubated 
with HRP-conjugated secondary antibody (Envision TM 
Detection Kit, GK500705, Gene Tech) at 37 ℃ for 30 min, 
and then washed three times with PBS. Finally, the sections 
were incubated with DAB in 0.05 mol/L Tris buffer (pH 7.6)  
containing 0.03% H2O2 for signal development, and the 
sections were counterstained with 20% hematoxylin. 
The slides were dehydrated, cleared, cover slipped, and 
evaluated. Each sample was incubated with an isotypic 
antibody dilution under the same experimental conditions 
as the negative control. Samples were then viewed under 
a light microscope. Cells with strong or moderate brown 
staining were counted as positive, cells with no staining 
were counted as negative.

Double immunofluorescent staining

After the sections were prepared, they were first blocked 
with 10% normal serum blocking solution, with the species 
matched to the secondary antibody, containing 3% (w/v)  
BSA, 0.1% Triton X-100, and 0.05% Tween-20 for 2 h 
at RT to avoid non-specific staining. Then, the sections 
were incubated with anti-Ets-2 antibody (rabbit, 1:100; 
Santa Cruz Biotech), α-SMA (alpha smooth muscle actin) 
antibody (mouse, 1:100; Abcam, Cambridge, MA, USA) 
or cleaved caspase 3 antibody (mouse, 1:100; Santa Cruz 
Biotech, Santa Cruz, CA, USA). Briefly, sections were 
incubated with all primary antibodies overnight at 4 ℃, 
followed by a mixture of FITC and TRITC-conjugated 
secondary antibodies for 2 h at 4 ℃. The stained sections 
were examined with a Leica fluorescence microscope (Leica 
DM 5000B; Leica CTR5000).

Cell culture and siRNA transfection

The rat VSMC line A7R5 was purchased from the 
Shanghai Institute of Cell Biology. The cells were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM, 
Invitrogen Life Technologies, Grand Island, NY, USA) 
with 10% fetal bovine serum (FBS, Invitrogen, USA) at 
37 ℃ in a humidified chamber containing 5% CO2. The 
small interfering RNA (siRNA) for Ets-2 knockdown was 
synthesized by Genechem (Shanghai, China). The Ets-2  
siRNA sequence targeted were as follows: SiRNA1: 
5'-CAAACCAGUUAUUCCUGCAGCAGUA-3'; SiRNA2: 
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5 '-UAACUGGUUUGCCUUGCUCGACUGG-3 ' ; 
SiRNA3: 5 '-GCAGCAACUUGAAUUUGCUCACC 
AA-3'. Non-specific siRNA sequence was used as the 
negative control. Cell transfection was performed 
using lipofectamine 2,000 (Invitrogen) according to the 
manufacturer’s instructions.

Apoptosis analysis

The following two methods were used to assess cell 
apoptosis: western blot analysis of caspase 3 activation and 
TUNEL staining. Analysis of DNA fragmentation using 
fluorescent terminal deoxynucleotidyl transferase-mediated 
nick end labeling (TUNEL) was performed to assess cell 
apoptosis in vivo, using a commercial kit (Roche, USA) 
as described previously (34). The percentage of TUNEL 
positive cells was calculated by dividing the number of 
TUNEL positive cells by the number of DAPI positive 
nuclei at 200× magnification for eight fields in each sample.

Immunoprecipitation

For immunoprecipitation assay as described previously (35),  
2 mg of rat tissue after heart transplantation was incubated 
with 1 mg primary antibodies or control rabbit IgG 
(Bioworld Technology, Louis Park, MN, USA) at 4 ℃  
overnight. Twenty microliters of protein G-Sepharose (Sigma, 
1:1 slush in PBS) was then added for 2 h at 4 ℃ with rocking. 
The precipitates were washed four times with homogenization 
buffer and boiled for 5 min with SDS sample buffer.

Statistical analysis

The SPSS19.0 software was used for statistical analysis. All 
values in the text and figures are presented as the mean ± 
SEM of at least three independent experiments. ANOVA 
across all investigated groups was conducted first. Post hoc 
pairwise tests for certain group pairs, with assessment of 
statistical significance, were performed after Bonferroni 
correction of the overall significance level. Although 
Bonferroni adjustment was performed across groups, it was 
not performed across variables. P values <0.05 (2-sided) 
were considered statistically significant. More specific 
information regarding group comparison is provided in the 
figure legend for each figure.

Results

The survival time and CAV process of heart allograft and 
isograft

Technically successful transplantation is defined as the 
forceful beat of the transplanted heart after 72 h. The 
average survival rate of heterotopic heart transplantation 
was shown as Figure 1, graft survival times for isografts were 
significantly longer than those for allografts (isograft median 
survival time >175 days vs. allograft median survival time 
of 21±2.0 days). Next, we observed the difference between 
cardiac allograft and isograft by HE staining (Figure 2A). The 
staining showed that the vascular intima became thicker and 
the lumen got narrower from day 0 to day 21 after allograft 
(Figure 2A, a-d). And the variation became moderate at 
day 28 postoperatively in cardiac allografts (Figure 2A, e). 
However, the vessel has no obvious intimal thickening and 
lumens stenosis in syngeneic hearts (Figure 2A, f-j). The bar 
chart demonstrated intimal thickness in isograft and allograft 
groups by densitometry (Figure 2B) and we found these 
changes were corresponding to the change of survival rate.

Differences of the expression and distribution of Ets-2 in 
isografts and allografts after cardiac transplantation

Previous researches revealed that transcription factor Ets-2  
was associated with vasculopathy (36), therefore we 
examined Ets-2 expression by western blot in normal heart 
tissue and graft (Figure 3A-C). Ets-2 protein level was 
high in normal heart tissue compared with allografts. Ets-2  
expression decreased from day 0 after transplantation 
and hit bottom at day 21, then slowly recovered to the 
normal level. However, in isograft group, Ets-2 expression 
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Figure 1  The average survival rate of heterotopic heart 
transplantation. Isograft survival rate was significantly higher 
than that of allografts (isograft median survival time >175 days vs. 
allograft median survival time of 21±2.0 days; n=9 in each group, 
*P<0.001, log-rank test).
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remained almost unchanged. Next,  we performed 
immunohistochemistry to identify the tissue location of Ets-2  
on transverse paraffin-embedded sections of heart tissues 
after cardiac transplantation (Figure 3D). Ets-2 staining was 
observed around the vessel. The positive staining for Ets-2  
was relatively high at day 0, then the staining gradually 
attenuated until 21 day postoperatively in heart allografts. 
Interestingly, at day 28, Ets-2 expression slightly increased 
(Figure 3D, a-e). Though Ets-2 expression was found in the 
isograft group, it had no obvious changes at different time 
points (Figure 3D, f-j). These data suggested that Ets-2 may 
play a role in CAV in the allograft group.

To confirm the expression of Ets-2 is associated with 
VSMC lesion, double immunofluorescent staining was 
applied. The co-localization of Ets-2 and α-SMA in 
allograft group was more obvious than in isograft group at 
day 21 (Figure 3E). Based on above results, we hypothesized 
that Ets-2 could influence the biological behavior of VSMC 
and contributed to CAV process.

Ets-2 is relevant to VSMC apoptosis in allografts

Ets-2 is correlated with VSMC apoptosis (23) that mediates 
CAV (37,38). To understand whether Ets-2 regulates VSMC 
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Figure 3 Erythroblast transformation-specific 2 (Ets-2) expression in allografts and isografts. (A,B) Ets-2 protein level was detected by western 
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apoptosis, the relationship between Ets-2 and cleaved caspase 3,  
procaspase 3 after heart transplantation was examined. Western 
blot revealed that cleaved caspase 3 protein level was low at 
day 0 in allograft, but increased from day 7, reached a peak at 
day 21, then slightly dropped at day 28. Nevertheless, cleaved 
caspase 3 expression had no apparent change in isograft group. 
Meanwhile, the expression of procaspase 3 has no obvious 
change in allografts and isograft groups (Figure 4A,B). The 

double labeling immunofluorescent staining showed the  
co-localization of Ets-2 and cleaved caspase 3 increased 
more significantly in allografts compared to isografts at day 
21 (Figure 4C).

To further identify the function of Ets-2 in VSMC 
apoptosis, we transfected A7R5 cells with Ets-2 siRNAs to 
down-regulate Ets-2 expression. Western blot showed a 
significant reduction of Ets-2 protein level following Ets-
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2 siRNA3 transfection. Thus, Ets-2 siRNA3 was used for 
further experiments (Figure 5A,B). Next, TUNEL staining 
showed that downregulation of Ets-2 could promote 
VSMC apoptosis (Figure 5C). Meanwhile, cleaved caspase 3 
and p53 expression increased, Bcl-XL expression decreased 
in Ets-2 siRNA transfected A7R5 cells (Figure 5D,E). 
Furthermore, Ets-2 interacted with p53 in A7R5 cells by 
immunoprecipitation (Figure 5F). The data suggested that 
Ets-2 might inhibit VSMC apoptosis via p53 pathway.

Discussion

Heart transplantation remains the only restorative treatment 
for patients with incurable cardiac diseases and prolonging 
graft survival is still a subject for intense researches (39). 
CAV is a challenging long-term complication of heart 

transplantation and remains a chief cause of graft failure, 
re-transplantation, and recipient death (40). CAV is a 
pathological process that affects the vasculature of the 
transplanted heart, which is characterized by concentric 
thickening of the vessel wall resulting from intimal 
hyperplasia in the coronary vessels and the intramyocardial 
microvasculature (41,42). This thickening leads to 
narrowing of the vessel lumen detected by angiography (43).  
In our study, the similar results were observed by HE staining. 
Then, what causes the vascular wall changes in CAV? 
The majority of cells in the CAV intima are VSMCs (44),  
whose dysfunction may lead to pathological processes and 
cause vascular diseases. VSMC apoptosis is important in 
the development of CAV (24). In our study, apoptosis of 
VSMCs was detected in allografts. 

Bcl-2 family proteins exert anti-apoptotic role in 
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apoptotic cell death of human malignancies (45), consisting 
of Bcl-2, Bcl-xl, and Mcl-1 (46). Among them, Bcl-xl is a 
key anti-apoptotic protein expressed in many tumor types 
and its overexpression contributes to chemotherapeutic 
resistance. In previous studies, Bcl-xl expression was found 
to be influenced by a variety of transcription factors and 
signal transduction pathways including nuclear factor-kB 
(NF-kB), signal transducers and activators of transcription 
(STATs). Additionally, analysis of human Bcl-xl promoter 
revealed nine potential Ets-binding sites (47).

Ets proteins that bind to DNA can activate transcription 
alone or in conjunction with other transcription factors. 
Previous studies have shown that Ets-2 exerts an anti-
apoptosis function via Akt pathway in bladder cancer cells (48).  
In addition, Ets-2 also inhibits apoptosis through up-
regulation of Bcl-xl level in in human mesothelioma cells (47).  
To confirm the effect of Ets-2 on VSMC apoptosis, we 
examined the expression of cleaved caspase 3, a very specific 
and sensitive apoptotic marker (49), after rat heterotopic 
heart transplantation, indicating that cleaved caspase 3 had 
an inverse expression tendency with Ets-2. Notably, the  
co-localization of the Ets-2 and cleaved caspase 3 increased 

significantly in allograft. Moreover, silencing of Ets-2 
induced the expression of Bcl-xl, which alleviates apoptotic 
cell death. Therefore, we speculated that Ets-2 may down-
regulate VSMC apoptosis after heart transplantation in rat.

Ets-2 is concomitant with cellular apoptosis, thus it is not 
surprising that Ets-2/p53 pathway is activated in response to 
heart transplantation. Ets-2 has been recently characterized 
as a novel p53-binding protein (50). In our study,  
co-immunoprecipitation showed that Ets-2 could interact with 
p53. Silencing of Ets-2 increased p53 expression in A7R5 cells. 
Our results indicated that Ets-2 may down-regulate VSMC 
apoptosis through p53 signaling pathway. 

Although the majority of previous studies and our study 
confirmed the anti-apoptotic function of Ets-2, Ets-2 
can also mediate the survival and proliferation of normal 
and cancer cells (51,52), suggesting that Ets-2 may play a 
double role in regulating cell death and survival. Whether 
Ets-2 pro-survival pathway is activated in VSMCs and 
cardiomyocytes in allografts needs further study.

In conclusion, Ets-2 inhibited creased p53 expression 
and induced Bcl-xl expression in cardiac allograft. The 
most innovative finding of this study was that Ets-2 down-

Figure 5 Erythroblast transformation-specific 2 (Ets-2) inhibits vascular smooth muscle cell (VSMC) apoptosis after heart transplantation. 
(A) Ets-2 expression is examined by western blot after Ets-2 siRNA transfection; (B) the bar chart indicated the ratio of Ets-2 to β-actin by 
densitometry; (C) TUNEL staining. Data are represented as mean ± SEM from three independent experiments. *P<0.05, compared with 
control siRNA group; (D) western blot analysis revealed p53, cleaved caspase 3 and Bcl-xl expression in Ets-2 depletion cells; (E) the bar 
chart indicated the ratio of p53, cleaved caspase 3 and Bcl-xl o β-actin by densitometry; (F) reciprocal immunoprecipitation of Ets-2 and p53 
was performed in A7R5 cells. 
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regulates VSMC apoptosis after rat heart transplantation, 
indicating that Ets-2 could serve as a possible therapy target 
to combat CAV and improve the life expectancy of patients 
after heart transplantation.
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