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ORIGINAL RESEARCH

The Protective Role of Yin-Yang 1 in Cardiac 
Injury and Remodeling After Myocardial 
Infarction
Yu Huang , MD*; Liangpeng Li, MD*; Hongmei Chen , MD*; Qiao Liao , MS*; Xiaoli Yang , MD; 
Dezhong Yang , MD; Xuewei Xia , MS; Hongyong Wang , MD; Wei Eric Wang , MD, PhD;   
Lianglong Chen , MD, PhD; Chunyu Zeng , MD, PhD

BACKGROUND: Exploring potential therapeutic target is of great significance for myocardial infarction (MI) and post-MI heart 
failure. Transcription factor Yin-Yang 1 (YY1) is an essential regulator of apoptosis and angiogenesis, but its role in MI is unclear.

METHODS AND RESULTS: The expression of YY1 was assessed in the C57BL/6J mouse heart following MI. Overexpression 
or silencing of YY1 in the mouse heart was achieved by adeno-associated virus 9 injection. The survival, cardiac function, 
and scar size, as well as the apoptosis, angiogenesis, cardiac fibrosis, T helper 2 lymphocyte cytokine production, and 
macrophage polarization were assessed. The effects of YY1 on Akt phosphorylation and vascular endothelial growth factor 
production were also investigated. The expression of YY1 in heart was significantly stimulated by MI. The survival rate, cardiac 
function, scar size, and left ventricular volume of mice were improved by YY1 overexpression but worsened by YY1 silencing. 
YY1 alleviated cardiac apoptosis and fibrosis, promoted angiogenesis, T helper 2 cytokine production, and M2 macrophage 
polarization in the post-MI heart, it also enhanced the tube formation and migration ability of endothelial cells. Enhanced 
Akt phosphorylation, along with the increased vascular endothelial growth factor levels were observed in presence of YY1 
overexpression.

CONCLUSIONS: YY1 ameliorates cardiac injury and remodeling after MI by repressing cardiomyocyte apoptosis and boosting 
angiogenesis, which might be ascribed to the enhancement of Akt phosphorylation and the subsequent vascular endothelial 
growth factor up-regulation. Increased T helper 2 cytokine production and M2 macrophage polarization may also be involved 
in YY1’s cardioprotective effects. These findings supported YY1 as a potential target for therapeutic investigation of MI.
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Myocardial infarction (MI) is a leading cause of 
death worldwide.1 Exploring potential therapeu-
tic targets is of great significance. Pathological 

processes such as apoptosis, angiogenesis, and fibro-
sis play an essential role in MI and cardiac remodeling2; 
however, the underlying mechanism remains not fully 
understood.

Yin-Yang1 (YY1) is a ubiquitous and multifunctional 
zinc-finger transcription factor and belongs to the poly-
comb group protein family. YY1 regulates a variety of 
genes that are implicated in cell cycle, apoptosis, and 
angiogenesis.3 YY1 has been shown to participate in 
the development of cancer.4 The increased levels of 
YY1 expression were observed in human failing hearts 
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and were thought to play a role in suppressing the 
alpha myosin heavy chain promoter,5 which is detri-
mental to heart function. On the other hand, the same 
group showed that YY1 protected cardiomyocytes 
from pathological hypertrophy via functional associa-
tion with histone deacetylase 5.6 However, whether or 
not YY1 plays a role in MI remains unclear.

In the present study, we investigated the expression 
of YY1 in the mouse heart following MI and explored 
whether and how YY1 affects MI injury and cardiac 
remodeling.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Production of Adeno-Associated Virus 9-
YY1 and Adeno-Associated Virus 9–Short 
Hairpin RNA Against YY1
Recombined adeno-associated virus 9 (AAV9)-YY1 
(Obio, Shanghai, China) is produced in human 293T 
cells with insertion of YY1 cDNA sequence into AAV9 

vector. YY1 cDNA was firstly amplified with primers and 
fused into the pAAV-CAG-EGFP vector with seamless-
cloning method and sequenced. Then the engineered 
vector was cotransfected with pHelper and pRC (for 
AAV9 rep and cap expression) plasmid to 293T cells 
for viral production. After 72-hour incubation, cells were 
harvested and disrupted. Recombined AAV9 particles 
were isolated with the freeze-thaw method and purified 
by cesium chloride concentration gradient centrifuga-
tion for 48 hours, with 2 rounds. Virus was tittered with 
a quantitative polymerase chain reaction (PCR) test to 
Woodchuck hepatitis virus posttranscriptional regula-
tory element sequence and stocked at −80 °C. AAV9 
for empty pAOV-CAG6-EGFP vector sequence was 
used as the control in the experiments.

Recombined AAV9–short hairpinYY1 is pro-
duced by insertion of short hairpin RNA for 
YY1 sequence targeting mouse YY1 mRNA 
(5′-CGACGGTTGTAATAAGAAGTT-3′) into the 
pAAV-U6-spgRNA v2.0 [short hairpin RNA]-CMV-
EGFP-Woodchuck hepatitis virus posttranscrip-
tional regulatory element -spolyA vector. Insertion 
of the validated negative control sequence 
(5′-CCTAAGGTTAAGTCGCCCTCG-3′) into the vector 
served as scramble control (AAV9-scramble). The viral 
production procedure is similar to that of AAV9-YY1.

MI Model and Intramyocardial Delivery of 
AAV9
Male C57BL/6J mice aged 8  weeks old (Purchased 
from Shanghai Model Organisms, China) were ran-
domized and assigned to groups. The mice were 
anesthetized with isoflurane inhalation. Artificial respi-
ration was maintained with a rodent ventilator (Harvard 
Apparatus, Holliston, MA). The heart was exposed 
upon opening the left pleural cavity by cutting the inter-
costal muscles between left third and fourth ribs. The 
pericardium was removed, and left anterior descend-
ing coronary artery was occluded 2 to 3  mm from 
its origin with a 7-0 silk suture. The immediate death 
(within 24 hours) after the operation, and the mice with 
normal cardiac function 1 week after MI would be ex-
cluded from the experiment. Two of 21 in the AAV9-
GFP group, 1 of 19 in the AAV9-YY1 group, 2 of 20 in 
the AAV9-scramble group, and 3 of 21 in the AAV9-
shYY1 group were excluded according to the criteria.

As for virus administration, a syringe fitted with a 
29-G needle was inserted near the border of the isch-
emic zone at the 5 point and tunneled intramuscularly 
to the anterior left ventricular wall. After slowly injecting 
total of 15 μL of AAV particles (5×1010 vg), the chest was 
closed in layers and a total of 0.1 mL 0.5% bupivacaine 
was injected subcutaneously near both edges of the 
skin incision to alleviate postoperative pain. The oper-
ation was performed blindly. All work was performed 

CLINICAL PERSPECTIVE

What Is New?
•	 The role of the transcription factor Yin-Yang 1 in 

myocardial infarction (MI) is unclear, we found 
that the expression of Yin-Yang 1 is induced in 
mouse heart after MI, and that Yin-Yang 1 in-
creases angiogenesis, represses cardiac apop-
tosis, and ameliorates cardiac remodeling after 
MI by enhancing Akt phosphorylation and the 
subsequent VEGF production.

What Are the Clinical Implications?
•	 Cardiomyocyte apoptosis and angiogenesis are 

2 important events after MI, our study may pro-
vide experimental basis for exploring Yin-Yang 
1 as a potential therapeutic target for cardiac 
remodeling after MI.

Nonstandard Abbreviations and Acronyms

AAV9	 adeno-associated virus 9
NRVM	 neonatal rat ventricular myocytes
shYY1	 short hairpinYY1
Th2	 T helper 2
YY1	 Yin-Yang 1
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under animal protocols approved by the Animal Care 
and Use Committee of the Third Military Medical 
University and conformed to the Guide for the Care 
and Use of Laboratory Animals (National Institutes of 
Health Publication 85–23, revised 1985).

Echocardiography Analysis
Echocardiography was performed with GE Vivid E9 ultra-
sound machine (GE Healthcare, Chicago, IL) to determine 
the structure and function of the mouse heart. Ejection 
fraction was automatically calculated by the echocar-
diography software according to the Teicholz formula. 
Parameters including diastolic left ventricular internal di-
ameter were measured to determine structural changes 
in cardiac morphology. The individuals conducting the 
experiment were blinded to the animal treatments.

Infarct Size Determination
Similar to previous description,7 the mouse heart (4 weeks 
after MI) was cut as 4-μm-thick sections. Masson’s 
trichrome staining was performed with Masson’s tri-
chrome kit (Solarbio, Beijing, China) according to the 
instruction. The percentage of fibrotic area of the left ven-
tricle was measured using Image J software (National 
Institutes of Health, Bethesda, MD). Digital images were 
captured and infarct sizes were calculated according to 
the formula: [infarct perimeter (epicardial+endocardial)/
total perimeter (epicardial+endocardial)]×100. Individuals 
conducting the experiment were blinded to the experi-
mental groups.

Isolation, Culturing, and Treatment of 
Neonatal Rat Ventricular Myocytes
The isolation and culturing of neonatal rat ventricu-
lar myocytes (NRVMs) were performed as described 
previously in detail.7 The hearts of 1- to 2-day-old 
Sprague-Dawley rats were minced, and the cardio-
myocytes were dissociated with 1.5  mg/mL trypsin 
(Gibco, NY), collected and plated in fibronectin (10 µg/
mL) coated Millicell EZ slides (Millipore, Burlington, 
MA) for immunostaining. Cells were placed in an at-
mosphere composed of 1% O2, 5% CO2, and 94% N2 
to mimic the hypoxic condition in a trigas incubator 
(Thermo, CA). MK2206 were purchased from Sellect 
(Sellect, Shanghai, China), dissolved in DMSO and 
added to NRVMs at a final concentration of 3 μmol/L 
1 day after plasmid transfection.

Histology and Immunostaining
Formalin fixed hearts were embedded in paraffin and 
cut as 4-μm-thick sections. Anti–cardiac troponin I 
mouse antibody (cat#MA1-22700, Invitrogen, Waltham, 
MA), anti-CD31 rabbit antibody (cat#ab182981, 

Abcam, Cambridge, UK), and 2-(4-Amidinophenyl)-6
-indolecarbamidine dihydrochloride (DAPI; Beyotime, 
Suzhou, China) were used to label cardiac troponin I, 
CD31, and nucleus, respectively. The terminal deoxy-
nucleotidyl transferase mediated dUTP-biotin nick end 
labeling assay was conducted with in situ apoptotic 
cell death detection kit (Roche, Basel, Switzerland). 
The number of capillaries and apoptosis was counted 
in 5 random fields per section of the peri-infarct zone, 
and a total of 5 sections per animal were analyzed 
(N=5 for each group). Alexa Fluor 488– or Alexa Fluor 
546–conjugated secondary antibodies (cat#A-21202, 
cat#A10040, Invitrogen) were applied appropriately to 
detect the primary antibodies. All the manual counts 
were performed in a blinded fashion. Cardiac fibro-
sis was quantitated by measuring the blue area in the 
Masson’s trichrome–stained heart sections.

Western Blot
The equal amount of proteins were separated by SDS-
PAGE and transferred electrophoretically to polyvi-
nylidene fluoride membranes (Bio-Rad Laboratories, 
Hercules, CA). The membranes were probed with YY1 
antibody (cat#sc-7341, Santa Cruz, TX), Akt antibody 
(cat#4685, CST, MA), phosphorylated Akt (Serine 
473) antibody (cat#5012, CST), cleaved caspase 3 
antibody (cat#9664, CST), pan-caspase 3 antibody 
(cat#9662, CST, MA), VEGF A antibody (cat#66828-
1-Ig, Proteintech, Wuhan, China) and β-actin antibody 
(cat#ZRB1312, Sigma, MA). The membrane signal was 
detected by appropriate secondary antibody (cat#926-
68072, cat#925-32213, LI-COR Biosciences, Lincoln, 
NE), and then scanned with Odyssey CLX Imager sys-
tem (LI-COR Biosciences). The densitometry values 
were normalized with β-actin protein signal.

Real-Time PCR
For real-time PCR, total RNA was extracted from tissue 
or cells with TRIzol (Invitrogen) and purified with RNeasy 
kit (Qiagen, Hilden, Germany). Real-time PCR was per-
formed using the brilliant SYBR green master mix kit and 
the CFX96 multiplex quantitative PCR System (Bio-Rad 
Laboratories). PCR primers (Sangon, Shanghai, China) 
are as follows: mouse YY1: sense primer: 5′-CAGAA
GCAGGTGCAGATCAGACCCT-3′, antisense primer: 
5′-GCACCACCACCCACGGAATCG-3′; mouse β-actin: 
sense primer: 5′-GTTGGAGCAAACATCCCCCA-3′, anti-
sense primer: 5′-ACGCGACCATCCTCCTCTTA-3′.

Plasmid and Cell Transfection
The YY1 overexpression plasmid (pcDNA3.1-YY1), and 
the short hairpin RNA against YY1 expression plas-
mid (pcENTRhU6-shYY1), were previously reported4 
and kindly provided by Prof. Shourong Wu (College 
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of Bioengineering, Chongqing University, China). Cell 
transfection was performed with lipofectamine 3000 
(Invitrogen), according to manufacturer’s instruction.

In Vitro Angiogenesis Assay
Capillary-like endothelial tube formation was evaluated 
by an in vitro angiogenesis assay. one hundred thirty 
microliters of matrigel basement membrane-matrix (BD 
Biosciences, San Jose, CA) was added to each well of 
precooled 24-well tissue culture plates. Pipette tips and 
matrigel solution were kept cold during the procedure to 
avoid solidification. The plates were incubated for 1 hour 
at 37 °C to allow matrix solution to solidify; 4×104 human 
umbilical vein endothelial cells transfected with pcDNA 
3.1 or pcDNA 3.1-YY1 in a final volume of 500 µL en-
dothelial cell basal medium-2 (Gibco) +2% fetal bovine 
serum (Gibco) were seeded in each matrix-coated well. 
Cells were stimulated with 100 ng/mL VEGF-A (Gibco) 
for 4 to 6 hours at 37 °C. The closed polygons formed in 
at least 6 random view microscopic fields per well were 
counted and values averaged.

ELISA for VEGF-A
The levels of VEGF-A in the myocardium or serum were 
determined by ELISA using commercially available 
mouse VEGF-A Quantikine ELISA Kit (R&D Systems, 
Minneapolis, MN) according to the manufacturer’s 

instruction. The absorbance was subsequently meas-
ured on a spectrophotometer (Thermo).

Statistical Analysis
Statistical analyses were performed by 1-way ANOVA 
followed by Bonferroni’s multiple comparison test (for 
comparison of >2 groups) or Student t test (for com-
parison of 2 groups) (Prism 8.0, GraphPad Software 
Inc, La Jolla, CA). Data are given as mean±SD, and 
a P value (2-sided) of <0.05 was considered signifi-
cant. The log-rank test was used to compare survival 
curves.

The supplemental methods can be found in Data S1.

RESULTS
Expression of YY1 in Heart Was Elevated 
by MI
It has been reported the increased expression of YY1 
in failing heart, but the expression of YY1 in heart 
following MI remains unclear. We found that in the 
C57BL/6J mouse heart, the protein expression of 
YY1 was increased after MI and lasted for weeks 
(Figure  1A). To investigate whether the induction of 
YY1 occurs in cardiomyocytes, we tested the YY1 ex-
pression in cultured cardiomyocytes (NRVMs) under 
hypoxia. Consistent with the in vivo experiments, 

Figure 1.  YY1 expression was increased in the mouse heart after MI.
A1 and A2, The YY1 protein levels in the mouse heart at the indicated time point following MI, *P<0.05 vs 
sham at day 0, n=4. B, C1, and C2, YY1 mRNA and protein levels in cultured NRVMs subjected to hypoxia 
treatment (1% O2, for 24 hours), *P<0.05, n=5. MI indicates myocardial infarction; NRVM, neonatal rat 
ventricular myocyte; and YY1, Yin-Yang 1.

A2A1

B C1 C2
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both the mRNA and protein expression of YY1 were 
induced by hypoxia in NRVMs (Figure  1B and 1C). 
These results indicated that YY1 levels in heart were 
elevated after MI, which may play a role in the patho-
logical progression of ischemic myocardium injury.

Elevated YY1 Ameliorated Cardiac 
Remodeling After MI
To explore whether YY1 participate in cardiac remod-
eling after MI, we injected AAV9-YY1 into the injured 
myocardium. The over-expression of YY1 was vali-
dated by western blot (Figure 2A). YY1 overexpression 
significantly improved the survival rate of mice follow-
ing MI (Figure 2B). The ratios of heart weight to body 
weight and infarct size were remarkably reduced by 
AAV9-YY1 at 4  weeks after MI (Figure  2C and 2D). 
The improved left ventricular ejection fraction, and the 
reduced diastolic left ventricular internal diameter of 
mouse heart were also observed in AAV9-YY1 group 
(Figure  2E). On the other hand, silencing of YY1 by 
AAV9-shYY1 delivery deteriorated the survival, cardiac 
function and remodeling after MI (Figure  2F through 
2J). These results indicated that YY1 is engaged in the 
cardiac remodeling after MI.

YY1 Inhibited Cardiomyocyte Apoptosis In 
Vivo and In Vitro
Cell loss caused by acute and sustained hypoxia after 
MI is the pathological basis of cardiac remodeling. YY1 
has been reported repressing apoptosis in cancer 
cells,8,9 but whether or not it affect cardiomyocyte ap-
optosis in MI is unknown. Our data showed that in the 
border zone of the infarcted myocardium, terminal de-
oxynucleotidyl transferase mediated dUTP-biotin nick 
end labeling positive cardiomyocytes were reduced by 
AAV9-YY1, but increased by AAV9-shYY (Figure 3A). 
The cleaved caspase 3, an indicator of apoptosis,10 
was also significantly decreased by YY1 overexpres-
sion while augmented by YY1 silencing (Figure  3B). 
Similar results were observed in NRVMs subjected to 
hypoxia treatment (Figure S1). These data suggested 
that YY1 inhibits cardiomyocyte apoptosis in MI.

YY1 Promoted VEGF Levels and 
Angiogenesis in Infarcted Heart
Previous studies revealed that YY1 plays an essential 
role in angiogenesis in a VEGF-dependent manner 
in tumors.4 We evaluated the angiogenesis in the in-
farcted heart by staining endothelium marker CD31.11 
The CD31-positive vessel density was remarkably in-
creased in AAV9-YY1 but decreased in AAV9-shYY1 
groups (Figure 4A1 and 4A2). We next examined the 
effect of YY1 on migration and tube forming ability of 
endothelial cells as they are essential for angiogenesis. 

The data showed that YY1 overexpression increased, 
while YY1 silencing repressed the migration in human 
umbilical vein endothelial cells (Figure  S2). Similarly, 
matrigel-based tube formation assay indicated that 
the vessel like structure formation of human umbilical 
vein endothelial cells is promoted by YY1 overexpres-
sion but hampered by YY1 silencing (Figure 4B). The 
VEGF-A levels were measured by ELISA in both serum 
and infarcted myocardium 2 weeks after MI; increased 
VEGF-A level was observed in infarcted myocardium in 
AAV9-YY1 group (Figure 4C1), while the VEGF-A levels 
in serum were not changed (Figure 4C2). These results 
suggesting YY1 promotes VEGF-A levels and angio-
genesis in infarcted heart.

YY1 Ameliorated Fibrosis in Post-MI Heart
The expanded cardiac fibrosis post MI are detrimental 
as they lead to progressive impairment of cardiac func-
tion and eventually to heart failure.12 Given that YY1 at-
tenuates interstitial fibrosis in dilated cardiomyopathy,13 
we assessed whether the cardiac fibrosis is also regu-
lated in the post-MI heart. Masson trichrome staining 
showed that YY1 overexpression limited the percent-
age of fibrosis area both in interstitial border zone and 
in the infarcted region of the mouse heart after MI, as 
compared with control (Figure S3).

YY1 Enhanced Akt Phosphorylation and 
VEGF-A Production
Since the regulatory effects of YY1 on angiogenesis and 
apoptosis are dependent on Akt phosphorylation,14,15 
we wonder if YY1 regulates Akt phosphorylation in the 
post-MI heart. We found that the phospho-Akt levels 
were remarkably increased by YY1 overexpression, 
but repressed by YY1 silencing in mouse heart, while 
the total amount of Akt was not changed (Figure 5A). 
Similar results were obtained in VEGF-A levels in the 
border zone of the infarcted myocardium (Figure 5B). 
Given the VEGF-A is also regulated by Akt,16 we ex-
plored if YY1 boost VEGF-A in an Akt dependent man-
ner, and found that both in NRVMs and conditioned 
medium, YY1 overexpression increased VEGF-A pro-
duction, and this is hampered by addition of Akt inhibi-
tor, MK220617 (Figure 5C and 5D). These data together 
indicated that Akt phosphorylation and the subsequent 
VEGF-A elevation may contribute to the protective role 
of YY1 in the post-MI heart.

Akt Phosphorylation is Essential for YY1’s 
Regulatory Effect on Apoptosis and 
Angiogenesis
To explore the role of Akt in YY1’s cardioprotective ef-
fects, the cardiomyocyte apoptosis and angiogenesis 
capability of endothelial cells were assessed with YY1 
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overexpression plus Akt inhibition. In cultured NRMVs 
subjected to hypoxia treatment, the rescued apopto-
sis by YY1 overexpression was hampered by addition 
of MK2206 (Figure 6A). Similarly, the tube formation 
ability and migration ability of human umbilical vein 

endothelial cells, were increased by YY1 overexpres-
sion, but neutralized by MK2206 (Figure 6B and 6C). 
These results suggested that the enhanced Akt phos-
phorylation is substantial for the repressed apoptosis 
and boosted angiogenesis by YY1 overexpression.

Figure 2.  YY1 ameliorated cardiac remodeling in the post-MI heart.
A1 and A2, The representative western blot image (A1) and statistical result (A2) of YY1 at 4 weeks after MI in the mouse heart with 
intramyocardial AAV9-GFP or AAV9-YY1 delivery, *P<0.05, n=5. B, The survival rate of mice in indicated groups, n=15 to 20, the 
significance was analyzed by log-rank test and the P value was indicated. C, The ratio of heart weight to body weight (HW/BW), 
*P<0.05, n=5. D1 and D2, The representative image (D1) of Masson’s trichrome staining of heart section (left to right: from base to apex) 
and statistical result (D2) of scar size, *P<0.05, n=5. E1 through E3, The representative M-mode echocardiography (E1), statistical result 
of EF (E2) and LVIDd (E3) of mouse heart, *P<0.05, n=5. F1 and F2, The representative western blot image (F1) and statistical result (F2) 
of YY1 in mouse at 4 weeks after MI in mouse heart with intramyocardial AAV9-scramble or AAV9-shYY1 delivery, *P<0.05, n=5. G, The 
survival rate of mice in indicated groups, n=14 to 19, the significance was analyzed by the log-rank test and the P value was indicated. 
H, The ratio of heart weight to body weight, *P<0.05, n=5. I1 and I2, The representative image (I1) of Masson’s trichrome staining of 
heart section (left to right: from base to apex) and statistical result (I2) of scar size, *P<0.05, n=5. J1 through J3, The representative 
M-mode echocardiography (J1), statistical result of EF (J2) and diastolic left ventricular internal diameter (J3) of mouse heart, *P<0.05, 
n=5. AAV9 indicates adeno-associated virus 9; EF, ejection fraction; GFP, green fluorescent protein; LVIDd, diastolic left ventricular 
internal diameter; MI, myocardial infarction; shYY1, short hairpin Yin-Yang 1; and YY1, Yin-Yang 1.

Figure 3.  YY1 inhibited cardiomyocyte apoptosis and caspase 3 cleavage.
A1 and A2, The representative image (A1) and statistical result (A2) of TUNEL positive cardiomyocytes in 
heart 5 days after MI with AAV9-mediated YY1 over-expression (AAV9-YY1) or silencing (AAV9-shYY1), 
*P<0.05, n=6, scale bar=50 μm. B1 and B2, The representative image (B1) and statistical result (B2) of the 
cleaved-caspase3 protein levels in heart 5 days post-MI with AAV9 mediated YY1 over-expression (AAV9-
YY1) or silencing (AAV9-shYY1), *P<0.05, n=6. cTnI indicates cardiac troponin I. AAV9 indicates adeno-
associated virus 9; GFP, green fluorescent protein; LVIDd, diastolic left ventricular internal diameter; MI, 
myocardial infarction; shYY1, short hairpin Yin-Yang 1; TUNEL, terminal deoxynucleotidyl transferase 
mediated dUTP-biotin nick end labeling; VEGF-A, vascular endothelial growth factor A; and YY1, Yin-
Yang 1.

A1 A2

B1

B2
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YY1 Promoted T Helper 2 Cytokines 
Production and M2 Macrophage 
Polarization Post MI
It is previously reported that YY1 activates the T 
helper 2 lymphocyte (Th2)-specific transcription fac-
tor GATA binding protein 318 and thus promotes Th2 
differentiation as well as Th2 cytokines interleukin-4, 
interleukin-5 and interleukin-13 production in lym-
phocyte.19 As these Th2 cytokines are considered 
protective against MI,20 we explored whether they 
are also affected by YY1 in the post-MI heart. Our 
results showed that YY1 overexpression significantly 
increased GATA binding protein 3 mRNA levels, 
and the mRNA and protein levels of interleukin-4, 
interleukin-5, and interleukin-13 in the post-MI heart 
(Figure S4).

Since the cardioprotective effect of Th2 cytokines 
are partially through the polarization of M2 macro-
phages,21 we investigated whether M2 polarization 
is indeed regulated by YY1 in the post-MI heart. 
Immunostaining and western blot for pan-macrophage 
marker CD6822 demonstrated that the overall macro-
phage infiltration was unchanged by YY1 overexpres-
sion (Figure S5A, S5B1, and S5B9), but a significant 
elevation in protein levels of M2 markers CD163, argi-
nase-1, and interleukin-10,23 along with the reduction 
in that of the M1 makers CD86, interleukin-1β, and 
inducible nitric oxide synthase23 were observed in the 
YY1 overexpression group as compared with control 
(Figure S5B1 through S5B8).

These data together indicated that YY1 promotes 
Th2 cytokines production and M2 macrophage 

Figure 4.  YY1 promoted angiogenesis in the post-MI heart.
A1 and A2, The representative image (A1) and statistical result (A2) of CD31-positive vessel density in myocardium 2 weeks after MI in 
AAV9-YY1/AAV9-GFP and AAV9-scramble/AAV9-shYY1 groups, *P<0.05, n=5, scale bar=50 μm. B1 and B2, The representative image 
(B1) and statistical result (B2) of vessel-like structure formed by HUVECs with or without YY1 overexpression (YY1-OE)/YY1 silencing 
(shYY1) in matrigel based tube formation assay, *P<0.05, n=5, scale bar=50 μm. C1 and C2, The statistical result of VEGF-A levels in 
mouse heart (C1) and in serum (C2) 2 weeks post MI in AAV9-YY1 and AAV9-GFP groups, *P<0.05, n.s indicates non-significant, n=5. 
AAV9 indicates adeno-associated virus 9; GFP, green fluorescent protein; MI, myocardial infarction; shYY1, short hairpin Yin-Yang 1; 
TUNEL, terminal deoxynucleotidyl transferase mediated dUTP-biotin nick end labeling; VEGF-A, vascular endothelial growth factor 
A; and YY1, Yin-Yang 1.
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polarization, which might be involved in the mecha-
nisms underlying the cardioprotective effect of YY1.

DISCUSSION
YY1 is a ubiquitous and multifunctional zinc-finger tran-
scription factor and belongs to the polycomb group 
protein family. It regulates varieties of genes involved 
in cell cycle, apoptosis, oncogenesis, and angiogen-
esis.4,24 There are reports showing that YY1 is involved 
in heart development and cardiovascular diseases. For 
example, YY1 promotes mesodermal cardiac differen-
tiation as a transcriptional activator of Nkx2.5.25 YY1 
protects cardiomyocytes from hypertrophy by bind-
ing to histone deacetylase 5 and preventing its clear 
export.6 The expression and activity of YY1 were in-
creased in the human failing heart,5 but its role in MI 
is unclear.

Cell loss caused by MI is the pathological basis of 
cardiac remodeling. A wealth of experimental data has 

linked YY1 to cell apoptosis. Ablation of YY1 increases 
apoptosis in germinal center B cells and Hela cells.9,26 
Negative regulation of p53 and Fas receptor by YY1 
is involved in its inhibitory effects on apoptosis.8,9,27 
Whether YY1 participates in apoptosis in the post-MI 
heart remains unclear. In the present study, we found 
that overexpression of YY1 ameliorated cardiomyocyte 
apoptosis, which might contribute to the protective role 
of YY1 in MI.

Therapeutic angiogenesis emerged as a potential 
treatment for MI patients.28 The proangiogenesis effect 
of YY1 has been explored in tumor growth and metas-
tasis.29 The stimulatory effect of YY1 on angiogenesis 
is dependent on VEGF production.30 YY1 promotes 
VEGF production by either binding to the VEGF gene 
promoter or enhancing Akt phosphorylation.16,29,30 
Notably, the regulatory effect of YY1 on angiogenesis 
in ischemic myocardium has not been explored be-
fore. Our data demonstrated that YY1 enhanced the 
angiogenesis and VEGF production either in infarcted 

Figure 5.  YY1 increased Akt phosphorylation and VEGF-A levels in post-MI heart.
A1 and A2, The protein levels of total Akt, phosphorylated Akt, and β-actin in mouse heart 2 weeks post-MI, with AAV9 mediated YY1 
over-expression (AAV9-YY1) or silencing (AAV9-shYY1), *P<0.05, n=6. B, The VEGF-A levels detected by ELISA in infarct border zone 
from mouse heart 2 weeks after MI, with AAV9 mediated YY1 overexpression (AAV9-YY1) or silencing (AAV9-shYY1), *P<0.05, n=6. 
C, The VEGF-A levels detected by ELISA at 48 hours in cultured medium of NRVM with YY1 over-expression (YY1-OE) or YY1-OE 
plus Akt inhibitor MK2206 treatment (3 μmol/L), *P<0.05, n=5. D1 and D2, The VEGF-A levels detected by western blot at 48 hours in 
NRVM with YY1 overexpression (YY1-OE) or YY1-OE plus Akt inhibitor MK2206 treatment (3 μmol/L) *P<0.05, n=5. AAV9 indicates 
adeno-associated virus 9; GFP, green fluorescent protein; MI, myocardial infarction; NRVM, neonatal rat ventricular myocyte; shYY1, 
short hairpin Yin-Yang 1; VEGF-A, vascular endothelial growth factor A; and YY1, Yin-Yang 1.
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myocardium or in cultured endothelial cells, supporting 
an important role of angiogenesis in YY1’s protective 
effect against MI.

A previous study reported that in a dilated car-
diomyopathy model in the mouse induced by lamin A 

deficiency, overexpression of YY1 suppressed the pro-
gression of dilated cardiomyopathy and the interstitial 
cardiac fibrosis by up-regulating Bmp7 and repressing 
connective tissue growth factor.13 Accordingly, we found 
that in the context of MI, cardiac fibrosis is also inhibited 
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A2



J Am Heart Assoc. 2021;10:e021895. DOI: 10.1161/JAHA.121.021895� 11

Huang et al� YY1 Protects Heart From Myocardial Infarction

by YY1 overexpression. The regulatory effect of YY1 on 
fibrosis in other cardiovascular disease model, partic-
ularly in heart failure with preserved ejection fraction is 
worthy of further investigation, given the central role of 
fibrosis in heart failure with preserved ejection fraction.

Inflammatory responses also play a regulatory 
role in cardiac remodeling following MI, among which 
lymphocytes and macrophages are most studied.31 
Interleukin-4, interleukin-5, and interleukin-13 are Th2 
lymphocyte cytokines and have been reported to pro-
tect the heart from MI. These cytokines facilitate the 
recruitment and polarization of M2 macrophages (in-
terleukin-4),21,32,33 and enhance cardiac regeneration 
by stimulation of signal transducer and activator of 
transcription signaling (interleukin-13).34,35 A previous 
study reported that YY1 promotes Th2 lymphocyte 
differentiation as well as Th2 cytokine induction.19 Our 
data revealed that overexpression of YY1 stimulated 
interleukin-4, interleukin-5, and interleukin-13 pro-
duction in the post-MI heart. Accordingly, a polariza-
tion shift toward the M2 macrophage phenotype was 
also observed along with YY1 overexpression, as ev-
idenced by the increased optimal M2 marker CD163, 
arginase-1, and interleukin-10, and the decreased 
M1 marker CD86, interleukin-1β, and inducible nitric 
oxide synthase. In contrast to proinflammatory M1 
macrophage, M2 macrophage are recognized as anti-
inflammatory and reparative for MI.36 These alteration 
may also account for the cardioprotective effect of YY1.

Finally, we examined the mechanisms underlying 
the protective effect of YY1 against MI. Akt signal path-
way is an important one for inhibition of cell apoptosis 
and stimulation of angiogenesis. Several lines of evi-
dence suggested that YY1 promotes Akt phosphory-
lation at serine 473 in cancer cells, which is considered 
as a marker of Akt activation.37 Given the importance of 
Akt phosphorylation on apoptosis and angiogenesis, 
we examined their alteration with YY1 manipulation. 
It showed that YY1 significantly enhanced Akt phos-
phorylation in post-MI heart. Akt inhibitor, MK2206 
blocked the elevated VEGF-A production, alleviated 
cardiomyocyte apoptosis and enhanced endothelial 
cell migration as well as tube formation ability induced 
by YY1. Therefore, we envisaged that Akt phosphory-
lation may be the underlying mechanisms accounting 
for the protective effect of YY1 against MI.

In summary, we first demonstrated that YY1 is in-
creased in the post-MI heart, and that overexpression 
of YY1 ameliorates cardiac injury and remodeling by 
repressing cardiomyocyte apoptosis, boosting an-
giogenesis, and activating Th2 lymphocyte and M2 
macrophages. This is possibly attributable to the en-
hancement of Akt phosphorylation and the subse-
quent VEGF up-regulation. Our findings extended the 
role of YY1 in heart and supported YY1 as a potent 
therapeutic target for treating MI.
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1. Immunohistochemistry

Mouse hearts were fixed and embedded in paraffin. 4 μm sections were used for immunostaining. 

The sections were dewaxed and rehydrated, subjected to antigen retrieval (microwave for 15 min in 

0.01 M sodium citrate (pH 6.0)), and blocked by donkey serum (Beyotime, Suzhou, China). The 

sections were incubated with cardiac troponin I antibody (cat# MA1-22700, Invitrogen, CA) or 

CD68 antibody (cat#28058-1-AP, Proteintech, Wuhan, China), and then recognized by Alexa 

Fluo®546 conjugated secondary antibody (cat#A10040, Invitrogen, CA) or Alexa Fluo®488 

conjugated secondary antibody (cat#A-21202, Invitrogen, CA). TUNEL staining was performed 

using the in situ death detection kit (Beyotime, Suzhou, China). The nuclei was stained by 

2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, Beyotime, Suzhou, China). 

Imaging was performed on a Fluoview 1000 confocal microscope (Olympus, Tokyo, Japan). 

2. Masson’s trichrome staining and measurement of fibrosis.

Mouse hearts (4 weeks post-MI) were fixed and embedded in paraffin, cut as 4 μm-thick sections 

then dewaxed and rehydrated before use. Cardiac fibrosis was assessed by Masson’s trichrome kit 

(Solarbio, Beijing, China) according to the manufactures’ instruction. The percentage of fibrotic 

area of left ventricle was measured using Image J software (National Institutes of Health, MD). 

3. Cell migration Assay

Cell migration was analyzed by a transwell migration assay. In brief, human umbilical vein 

endothelial cells (HUVECs) were transfected with YY1 over-expression plasmids or 

shRNA-against YY1 plasmids. 24 hours later, 2.5104 cells were plated into the top well of 

transwell migration chamber (Merck, Darmstadt, Germany). After 24 hours, the 

non-migrating cells were removed with a cotton swab, and the migrating cells on the 

underside of membrane were stained with crystal violet. Crystal violet positive cells were 

imaged under 40 field with microscope (Nikon, Tokyo, Japan). 



4. Real time polymerase chain reaction (real-time PCR)

Total RNA was extracted from heart tissue with TRIzol (Invitrogen, NY) and purified with 

RNeasy kits (Qiagen, Hilden, Germany). After reverse transcription by reverse transcriptase 

(Takara, Kyoto, Japan), real-time PCR was performed using the SYBR Green Mastermix-Kit 

(Takara, Kyoto, Japan) and the CFX 96 real time PCR System (Bio-Rad, CA). Real-time PCR 

primers (Sangon, Shanghai, China) are as below:  

Primer sets     Forward (5’ ->3’)              Reverse (5’ ->3’) 

mIL-4    TCACAGCAACGAAGAACACCAC  CGATGAATCCAGGCATCGAAAA 
mIL-5       AATCAAACTGTCCGTGGGGG    TCCTCGCCACACTTCTCTTTT 
mIL-3   CACACAAGACCAGACTCCCCT    GCCATGCAATATCCTCTGGGT 
mGATA3    GCTCCTTGCTACTCAGGTGAT   GGAGGGAGAGAGGAATCCGA 
m18S rRNA TTGACGGAAGGGCACCACCAG   GCACCACCACCCACGGAATCG 

5. Western blot

The total protein of mice heart were isolated using WB&IP lysis buffer containing 20mM Tris, 

150mM NaCl, and 1% Triton X-100 (Beyotime, Suzhou, China) supplied with proteinase inhibitor 

cocktail and phosphatase inhibitor (Bimake, TX). Equal amount of 50μg proteins sample were 

separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes (Bio-Rad, CA). 

The membranes were probed with YY1 antibody (cat# sc-7341, Santa Cruz, TX), IL-4, IL-5, and 

IL-13 antibody (cat#ER1706-55, cat# ER1911-38, cat# ER1911-23, Huabio, Hangzhou, China), 

CD163, CD86, CD68, IL-10, IL-1β, iNOS, Arginase-1 and β-actin antibody (cat#16646-1-AP, 

cat#13395-1-AP, cat#66231-2-Ig, cat#20850-1-AP, cat#16806-1-AP, cat#18985-1-AP, 

cat#16001-1-AP, cat#66009-1-Ig, Proteintech, Wuhan, China) respectively, and then recognized 

by CW800/RD680 fluorescence conjugated donkey anti rabbit/mouse IgG antibody 

(cat#926-68072, cat#925-32213, LI-COR Biosciences, NE). The membrane signal was scanned 

using Odyssey CLX Imager system (LI-COR Biosciences, NE). The densitometry values were 

normalized with β-actin protein signal.  

6. Statistical analyses.

Statistical analyses were performed by one-way analysis of variance (ANOVA) followed by 

Bonferroni's multiple comparison test (for comparison of more than two groups) or Student's t-test 



(for comparison of two groups) (GraphPad Prism 8.0, GraphPad Software Inc, CA). Data are 

given as mean ± SD, and a P value (two-sided) of <0.05 was considered significant. 
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Figure S1. YYl inhibited cardiomyocyte apoptosis and caspase 3 cleavage. 

A and B: The representative image (A) and statistical result (B) of TUNEL positive NRVMs with or 

without YYl over-expression and hypoxia treatment (1 % 0
2 

for 24 hours), *P < 0.05, n=6, scale bar=50µm. 

C and D: The representative image (C) and statistical result (D) of the cleaved-caspase3 protein levels in 

NRVMs with or without YYl over-expression and hypoxia treatment (1 % 0
2 

for 24 hours), *P< 0.05, n=6. 

YYl-OE stands for YYl over-expression. cTnl stands for cardiac troponin I. 
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Figure S2. YYl increased HUVECs migration in transwell assay. 

A and B: The representative image (A) and statistical result (B) of crystal violet staining of migrated 

HUVECs transfected with YYI over-expression (YYI-OE) or YYI silencing (sh YYI) plasmids. *P< 0.05, 

n=5, scale bar = 50µm. 



A1 

A2 

Cl. 
LL 
(9 

I 

0) 

� 

� 
>­
>-

I 

0) 

� 

20 
C·- '::R.
Cl) 

0 

·- a> 15en 
C 

e o ;Q N 10 
-

- I... 
0 Q) 

5 co "E 
Q) 0 
I... ..0 

0 <( 

* 

• 

AAV9 

-GFP

AAV9 

-YY1

81 

Cl. 
LL 
(9 

I 

0) 

� 

� 
>­
>-

I 

0) 

� 

82 
C 

·-
0 

en � 
·u5 Q) 
0 C 
I... 0 ;Q 

N 

"'O 
- Q) 
0 _. 

co � 
�� 
<( .!: 

100 

80 

60 

40 

20 

0 

* 

AAV9 AAV9 

-GFP -YY1

Figure S3. YYl limited the cardiac fibrosis post MI. 
A and B: The percent of fibrosis area examined by Masson's trichrome staining in the infarcted border zone 

(Al and A2) and the infarcted region (Bl and B2) of mouse heart 4 weeks post MI in AAV9-YY1 group 

and AAV9-GFP group, black square and lines in the representative image indicated the magnification (right 

panels) of the selected area in left panels, *P< 0.05, n=5. 
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Figure S4. YYl up-regulated Th2 cytokine production in post-MI mouse heart. 

A-D: The mRNA levels of GATA3 (A), IL-4(B), IL-5 (C), IL-13 (D) in mouse heart 5 days post MI in 

AAV9-YY1 andAAV9-GFP groups, *P<0.05, n=5.
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E-1: The representative image (E) of western blot and statistical results of YYl (F), IL-4 (G), IL-5 (H) and 

IL-13 (I) in mouse heart 5 days post MI inAAV9-YY1 andAAV9-GFP groups, *P<0.05, n=5.
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Figure S5. YYl promoted M2 macrophage polarization in post-MI mouse heart. 

Al and A2: The representative image (Al) and statistical results of the CD68( +) macrophage infiltration in 

border zone of mouse heart 5 days post MI in AAV9-YY1 and AAV9-GFP groups, n.s: non-significant, n=5, 

scale bar=50µm. Bl: The representative image of western blot of YYl , CD163, IL-10, Arginase-1, CD86, 

iNOS, IL-1�, and CD68 in mouse heart 5 days post MI in AAV9-YY1 and AAV9-GFP groups, *P<0.05, n.s: 

non-significant, n=5. 
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B2-B9: The statistical results of western blot for YYl (B2), CD163 (B3), IL-10 (B4), Arginase-1 (B5), 

CD86 (B6), iNOS (B7), IL-1� (B8), and CD68 (B9) in mouse heart 5 days post MI in AAV9-YY1 and 

AAV9-GFP groups, *P<0.05, n.s: non-significant, n=5. 
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