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INTRODUCTION  
 

Myocardial ischemia-reperfusion injury (MIRI) is a 

pathological process of progressive aggravation of 

ischemic myocardium after partial or complete coronary 

artery occlusion. With the development of basic 

research and clinical treatments, coronary artery bypass 

grafting, percutaneous coronary angioplasty, and 

intravenous thrombolysis have become widely used in 

clinical practice. However, MIRI limits the success rate 

of these treatments. A series of damaging changes in 
cardiac function electrophysiology, myocardial ultra-

structure, and energy metabolism, and even severe 

arrhythmia, caused by ischemia can lead to sudden 

death. Timely reperfusion is the most effective method 

of salvation from myocardial ischemia [1]. However, a 

series of adverse events often caused rapid reperfusion, 

such as endoplasmic reticulum stress, Ca2+ overload, 

and excessive reactive oxygen species (ROS) 

production. The adverse events mentioned before are 

generally specified as ischemia/reperfusion (I/R) injury 

[2, 3].  

 

Ubiquitin like with PHD and ring finger domains 1 

(Uhrf1) is an epigenetic modifier which is highly 
expressed in many tumor cells. It has been shown 

involved in cell apoptosis and proliferation, but its role 

in cardiomyocytes has not been reported.  
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ABSTRACT 
 

The regulation of mTOR and the dimethylation of histone H3 on lysine 9 (H3K9me2) H3K9me2 by Uhrf1 and 
the mechanism of autophagy regulation in myocardial ischemia-reperfusion injury (MIRI) were studied in 
vivo and in vitro. 
An in vitro I/R injury model was established using the primary mouse cardiomyocytes treated with H2O2. 
Subsequent analysis by qRT-PCR, western blot, and immunofluorescence indicated that overexpression of 
Uhrf1 significantly inhibited apoptosis of the H2O2-treated cardiomyocytes, reduced expression of apoptosis 
factors caspase-3 and Bax, and increased expression of apoptosis inhibitory factor Bcl-2. Furthermore, Uhrf1 
was found to increase cardiomyocyte proliferation and promote the expression of mTOR, while the four 
expression peaks of H3K9me2 on the mTOR gene were inhibited by overexpression of Uhrf1. The expression of 
autophagy factors LC3, Beclin-1, and p-mTOR in Uhrf1-overexpressed cardiomyocytes was dramatically 
increased, and P62 expression was dramatically decreased. When an H3K9me2 inhibitor was added to the 
Uhrf1-knockdown cardiomyocytes, the expression of mTOR was increased, the expression of LC3, Beclin-1, and 
p-mTOR was decreased, and P62 expression was significantly increased.  
In the present study, Uhrf1 exhibits a protective function in MIRI, reducing the apoptosis of cardiomyocytes 
while increasing their proliferation and viability 
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Accordingly, in this research, I/R models were established 

to determine the relationship between Uhrf1 and MIRI in 

vitro and in vivo. Additionally, we investigated the 

function of Uhrf1 in myocardial I/R and its relationship to 

mammalian target of rapamycin (mTOR). Uhrf1 regulates 

mTOR by adjusting H3K9 methylation (H3K9me2). The 

alleviative effects of the Uhrf1/mTOR/ autophagy axis on 

MIRI were also revealed. 

 

RESULTS 
 

Changes in Uhrf1 expression in the in vivo MIRI 

mouse model 

 

The mice were divided into three groups, which were 

subjected to myocardial ischemia for 30 minutes and 

then reperfusion for 2, 6, or 12 hours. The expression of 

Uhrf1 in the infarcted areas (IA) and non-infarcted areas 

(NIA)  were detected by qRT-PCR (Figure 1). The 

Uhrf1 level in the non-infarcted areas was significantly 

lower than the infarcted areas at 2, 6 and 12 hours after 

myocardial ischemia-reperfusion in vivo. 

 

Protective effect of Uhrf1 in MIRI  

 

The protective effect of Uhrf1 on MIRI was investigated 

by comparative analysis of overexpression and 

knockdown of Uhrf1 in an in vitro MIRI model.  

To establish stable cardiomyocytes that exhibit over-

expression and knockdown of Uhrf1, we analyzed the  
 

 
 

Figure 1. Detection of the changes of Uhrf1 in myocardial 
ischemia-reperfusion injury model of mice in vivo. The 
relative mRNA expressions of Uhrf1 in the infarcted and non-
infarcted regions of the mice hearts were detected by qRT-PCR at 
2, 6 and 12 h after myocardial ischemia-reperfusion injury. Data 
shown are mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, ****  
P < 0.0001. N=3 per group. 

expression of Uhrf1 plasmid transfection and screened the 

knockdown efficiency of different siRNAs on Uhrf1. The 

sequences for siRNA were in Table 1. The efficacy of 

overexpression and knockdown of Uhrfl was verified by 

qRT-PCR (Figure 2A, 2B) and western blot (Figure 2C, 

2D). We found the protein level of Uhrf1 increased 1.4 

fold in the overexpression cells and siRNA-002 (Si2) 

significantly knocked down the expression of Uhrf1 in 

cardiomyocytes. In subsequent in vitro experiments, Si2 

was used to knock down the Uhrf1 (Si group). 

 

To confirm the effect of Uhrf1 in cardiomyocyte 

apoptosis, the mRNA and protein levels of Bcl-2, 

procaspase-3, cleaved caspase-3 and Bax (Figure 3A) 

were determined by qRT-PCR, western blot (Figure 3B, 

3C) and immunocytochemistry analyses (Figure 3D). 

Our results show that overexpression of Uhrf1 reduces 

cardiomyocyte apoptosis after MIRI, decreases the 

expression of the apoptosis factors Bax, pro- and 

cleaved caspase-3 at both the mRNA and protein levels, 

and increases the expression of apoptosis inhibitory 

factor Bcl-2. Knockdown of Uhrf1in cardiomyocyte 

showed the opposite trend after MIRI. 

 

To explore the regulatory effect of Uhrf1 on the cell 

cycle and the activity of cardiomyocytes, we measured 

the expression of Ki67 (Figure 4Aï4D), the activity of 

cardiomyocytes (Figure 4E), and the beating frequency 

of cardiomyocytes in each group (Figure 4F). Our 

results show that overexpression of Uhrf1 in MIRI 

increases Ki67 expression at both the mRNA and 

protein levels. Knockdown of Uhrf1 showed the 

opposite trend, suggesting that Uhrf1 can increase 

cardiomyocytes proliferation after MIRI. Using CCK8 

to detect cell viability, we found that cardiomyocytes 

overexpression of Uhrf1 significantly increased the cell 

viability after MIRI, and there was no significant 

change in the viability of cardiomyocytes with Uhrf1 

knockdown. Moreover, we observed that cardio-

myocytes over-expressing Uhrf1 had higher beating 

frequency than the blank plasmid control after MIRI, 

while knockdown of Uhrf1 in cardiomyocytes resulted 

in lower beating frequency than the blank plasmid 

control. 

 

Effect of Uhrf1 on the expression of mTOR during 

MIRI  

 

To investigate the regulatory effect of Uhrf1 on mTOR 

in MIRI, we used qRT-PCR to detect changes in the 

mRNA levels of mTOR after overexpression and 

knockdown of Uhrf1 (Figure 5A) and confirmed the 

results by western blot (Figure 5B, 5C) and 
immunofluorescence (Figure 5D) analysis. We observed 

that overexpression of Uhrf1 increases mTOR 

expression at both the mRNA and protein levels. In 
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Table 1. siRNA sequences used in this study. 

Product ID  Name Target sequences 

siG171020083716  si-m-Uhrf1_001 GCAACATCAGGCTCTTGAA 

siG160511081008  si-m-Uhrf1_002 CCTTGCAGACCATTCTCAA 

siG171020083708  si-m-Uhrf1_003 GATGATTGAGCTCCCTAAA 

 

 
 

Figure 2. Detection of transfection efficiency of overexpression and knockdown of Uhrf1 plasmid. (A) The relative mRNA 

expressions of Uhrf1 in Myocardial ischemia-reperfusion model in vitro with Uhrf1 plasmid were determined by qRT-PCR. NC, negative 
control of plasmid transfection; Uhrf1, Uhrf1 overexpression. (B) The relative mRNA expressions of Uhrf1 in Myocardial ischemia-reperfusion 
model in vitro with Uhrf1 siRNA plasmid were determined by qRT-PCR. NC, negative control of RNAi; si1-3, siRNA targeting different mRNA 
regions. (C) Western blot was used to detect the expression level of Uhrf1 protein in each group. GAPDH serves as a loading control. Model, 
in vitro oxidative stress model; NC, negative control of RNAi; si, RNAi knockdown of Uhrf1; Uhrf1, Uhrf1 overexpression. (D) Expression of 
Uhrf1 protein relative to GAPDH data from 3 biological repeats is shown. Data shown are mean ± SD. *P < 0.05, ** P < 0.01, *** P < 0.001, 
**** P < 0.0001. N=3 per group. 
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Figure 3. The effect of Uhrf1 on cardiomyocyte apoptosis during myocardial ischemia-reperfusion injury. (A) The relative mRNA 
expressions of Bax, Bcl-2 and Caspase-3 in myocardial ischemia-reperfusion model in vitro were determined by qRT-PCR. (B) Western blot 
was used to detect the expression level of Bax, Bcl-2 and Caspase-3 protein in each group. GAPDH serves as a loading control. (C) Expression 
of Bax, Bcl-2 and Caspase-3 protein relative to GAPDH data from 3 biological repeats is shown. (D) Detection of Bax, Bcl-2 and Caspase-3 
protein expression and semi quantitative analysis by immunofluorescence microscopy (x200)Φ {ŎŀƭŜ ōŀǊΣ млл ˃ƳΦ 5ŀǘŀ ǎƘƻǿƴ ŀǊŜ ƳŜŀƴ ± SD. 
*P < 0.05, **P <0.01, ***P <0.001, ****P < 0.0001. N=3 per group. Model, in vitro oxidative stress model; NC, negative control of RNAi; si, 
RNAi knockdown of Uhrf1; Uhrf1, Uhrf1 overexpression. 
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contrast, knockdown of Uhrf1 only reduced mTOR 

expression in the mRNA level, and there was no 

significant change in the protein levels. 

 

Uhrf1 regulates mTOR expression through 

H3K9me2 

 

Uhrf1 can specifically recognize H3K9me2, which 

suppresses the expression of specific genes in target 

cells and tissues. Therefore, Uhrf1 can regulate the 

expression of specific genes by regulating H3K9me2. 

As previously reported, there are four peaks for 

H3K9me2 expression on the mTOR gene [4]. Thus, 

changes in the expression of peaks 1-4 when over-

expressing and knocking-down Uhrf1 were investigated 

by qRT-PCR (Figure 6A). We found overexpression of 

Uhrf1 inhibits the four expression peaks of H3K9me2 

on the mTOR gene and knocking down Uhrf1 promotes 

expression of these four peaks. 

 

In order to further clarify the regulation of mTOR by 

H3K9me2, the H3K9me2 methyltransferase (G9a)

 

 
 

CƛƎǳǊŜ пΦ ¢ƘŜ ŜŦŦŜŎǘ ƻŦ ¦ƘǊŦм ƻƴ ŎŜƭƭ ŎȅŎƭŜ ŀƴŘ Ǿƛŀōƛƭƛǘȅ ƛƴ ƳȅƻŎŀǊŘƛŀƭ ƛǎŎƘŜƳƛŀ-ǊŜǇŜǊŦǳǎƛƻƴ ƛƴƧǳǊȅΦ (A) The relative mRNA 

expressions of Ki67 in Myocardial ischemia-reperfusion model in vitro were determined by qRT-PCR. (B) Western blot was used to detect the 
expression level of Ki67 protein in each group. GAPDH serves as a loading control. (C) Expression of Ki67 protein relative to GAPDH data from 
3 biological repeats is shown. (D) Detection of Ki67 protein expression and semi quantitative analysis by immunofluorescence microscopy 
(x200). Scale bar, млл˃ƳΦ όE) The cardiomyocytes viability in knockdown and overexpression Uhrf1 groups was detected by CCK8. (F) The 
beating times per minute of cardiomyocytes in overexpression and knockdown group. Data shown are mean ± SD. *P <0.05, **P <0.01, ***P 
<0.001, ****P <0.0001. N=3 per group. Model, in vitro oxidative stress model; NC, negative control of RNAi; si, RNAi knockdown of Uhrf1; 
Uhrf1, Uhrf1 overexpression. 
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inhibitor BIX01294 was added to the cardiomyocytes. 

The inhibitory effects of BIX01294 in various 

concentrations (0.1, 0.5, 1.0, and 2.0 ɛM) on cardio-

myocyte H3K9me2 were evaluated, and the optimal 

inhibitory concentration was determined (Figure 6B). 

We observed that when the concentration of BIX01294 

was 1.0 ɛM, the expression of H3K9me2 in 

cardiomyocytes was effectively inhibited. Changes in 

the mRNA and protein levels of mTOR were detected 

after adding G9a inhibitor (BIX01294) at 1.0 ɛM to 

the Si group (Figure 6Cï6E). We observed that the 

expression of mTOR is increased in Uhrf1-knockdown 

cardiomyocytes after G9a inhibitor was added. The 

changes in the four expression peaks for H3K9me2 on 

mTOR after G9a inhibitor were further evaluated 

(Figure 6F). After G9a inhibitor was added, peak 1 and 

peak 2 decreased, while peak 3 and peak 4 did not 

change significantly. Thus, these results indicated that 

the regulation of mTOR expression by Uhrf1 was 

mediated by regulating H3K9me2. 

Effect of Uhrf1 on autophagy through mTOR in 

MIRI  

 

To detect changes in autophagy after MIRI, the 

expression of autophagy-related proteins was evaluated 

(Figure 7A, 7B). After overexpression of Uhrf1, the 

ratio of LC3-II/LC3-I to Beclin-1 expression was 

significantly decreased, while the expression of P62 and 

p-mTOR was markedly increased. This indicated that 

Uhrf1 promotes the expression of mTOR during MIRI, 

thereby inhibits the occurrence of autophagy. 

 

DISCUSSION 
 

According to the world health organization and the 

United Nations [5], ischemic heart disease, including 

acute myocardial infarction, is the major death reason 

worldwide. Therefore, finding endogenous strategies to 

reduce myocardial apoptosis and promote myocardial 

cell activity will offer new insights for the treatment of 

 

 
 

Figure 5. Uhrf1 promotes the expression of mTOR in MIRI. (A) The relative mRNA expressions of mTOR in Myocardial ischemia-
reperfusion model in vitro were determined by qRT-PCR. (B) Western blot was used to detect the expression level of mTOR protein in each 
group. GAPDH serves as a loading control. (C) Expression of mTOR protein relative to GAPDH data from 3 biological repeats is shown. (D) 
5ŜǘŜŎǘƛƻƴ ƻŦ Ƴ¢hw ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǎŜƳƛ ǉǳŀƴǘƛǘŀǘƛǾŜ ŀƴŀƭȅǎƛǎ ōȅ ƛƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇȅ όȄнллύΦ {ŎŀƭŜ ōŀǊΣ млл˃Ƴ. Data 
shown are mean ± SD. *  P < 0.05, **  P < 0.01, ***  P < 0.001, ****  P < 0.0001. N=3 per group. Model, in vitro oxidative stress model; NC, 
negative control of RNAi; si, RNAi knockdown of Uhrf1; Uhrf1, Uhrf1 overexpression. 
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Figure 6. Uhrf1 regulates mTOR expression through H3K9me2. (A) The relative mRNA expressions of Peak1-4 in Myocardial ischemia-

reperfusion model in vitro were determined by qRT-PCR. (B) Western blot was used to detect the inhibitory effect of G9a inhibitor on 
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H3K9me2 in cardiomyocytes by different concentrations (0.1 µM, 0.5 µM, 1.0 µM and 2.0 µM). GAPDH and the total histone H3 were used as 
loading controls. (C) The relative mRNA expressions of mTOR in myocardial ischemia-reperfusion model in vitro were determined by qRT-PCR 
after adding 1.0 µM G9a inhibitor to Si group. (D) Western blot was used to detect the expression level of mTOR protein after adding 1.0 µM 
G9a inhibitor to Si group. GAPDH serves as a loading control. (E) Expression of mTOR protein relative to GAPDH data from 3 biological repeats 
is shown. (F) The relative mRNA expressions of Peak1-4 in Myocardial ischemia-reperfusion model in vitro were determined by qRT-PCR after 
adding 1.0 µM G9a inhibitor to Si group. Data shown are mean ± SD. *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. N=3 per group. 
Model, in vitro oxidative stress model; NC, negative control of RNAi; si, RNAi knockdown of Uhrf1; Uhrf1, Uhrf1 overexpression. 

MIRI and improve overall survival rates. MIRI is a 

multiple step process, and epigenetic research provides 

a more comprehensive framework for understanding its 

pathology and biology [6]. Epigenetics refers to the 

inheritance of genetic information that is not based on 

DNA sequence but can be passed on to the next 

generation through DNA and histone modification and 

miRNA-dependent mechanisms [7]. There are a few 

kinds of post-translational modifications containing 

acetylation, methylation, phosphorylation, small 

ubiquitin-like modification, ubiquitination, 

carbonylation, glycosylation, and DNA methylation [8, 

9]. Epigenetic modification factors are abnormally 

expressed during I/R-induced organ damage and may

 

 
 

Figure 7. The regulation of mTOR on autophagy in MIRI. (A) Western blot was used to detect the expression level of Beclin1, LC-3, 

P62, total m-TOR and p-mTOR protein. GAPDH serves as a loading control. (B) Expression of Beclin1, LC-3, P62 and p-mTOR protein relative to 
GAPDH data from 3 biological repeats is shown. Data shown are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. N=3 per 
group. Model, in vitro oxidative stress model; NC, negative control of RNAi; si, RNAi knockdown of Uhrf1; Uhrf1, Uhrf1 overexpression. 


