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Knockdown of lncRNA RMST protect against myocardial 
infarction through regulating miR-5692 and MAGI3 axis
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Abstract: Aims: Myocardial infarction is the leading cause of death worldwide. The aim of this study was to investi-
gate the function and mechanism of lncRNA RMST in myocardial infarction. Materials and methods: H/R and H2O2 
models were established to assess the function of lncRNA RMST in vitro. Mouse myocardial infarction was used to 
analyze the function of lncRNA RMST in vivo. Bioinformatics analysis was performed to predict the potential binding 
target of lncRNA RMST. Rescue experiments were performed to verify the relationship between RMST and its target. 
Results: The expression of lncRNA RMST was significantly increased with H/R or H2O2 treatment. Knockdown of 
lncRNA RMST improved cell death and protected mitochondria from H/R injury in vitro. In vivo, cardiac function was 
significantly attenuated by knockdown of lncRNA RMST. We also provided evidence that miR-5692 was a direct tar-
get of lncRNA RMST. Rescue experiments showed that knockdown of miR-5692 could restore the function of RMST. 
Conclusion: Our study is the first to prove the function and mechanism of lncRNA RMST in myocardial infarction. 
Thus, a deeper understanding of the role of lncRNA RMST in myocardial infarction may provide new insights for the 
clinical intervention of MI. 
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Introduction

Acute myocardial infarction (AMI) is one of the 
most serious cardiovascular diseases [1] char-
acterized by coronary artery occlusion [2] and 
myocardial cell necrosis and is the leading 
cause of death worldwide [3, 4]. Numerous 
studies have shown that sudden reopening of 
the occluded coronary artery and restoration of 
blood flow in AMI patients could cause dysfunc-
tion of vascular endothelial cells [5] and activa-
tion of related inflammatory factors [6], which 
aggravate myocardial cell injury after ischemia/
reperfusion (I/R). Previous studies have also 
indicated that approximately 40% of cell dam-
age during revascularization after AMI is caused 
by reperfusion injury [7, 8]. Therefore, reducing 
I/R damage plays a very important role in the 
treatment of AMI.

Long noncoding RNA is a type of RNA without 
protein-coding potential [9]. Numerous studies 
have revealed the different roles of lncRNAs  
in pathological processes, including diabetes 

[10], heart diseases [11], tumors [12] and other 
diseases [13]. The functions of lncRNAs can 
also vary, including chromatin remodeling [14], 
transcriptional regulation [15] and posttransla-
tional regulation [16]. Increasing evidence has 
revealed that mutations and dysregulations of 
lncRNAs are tightly associated with several 
human diseases ranging from cardiovascular 
diseases to many cancers. For example, lncRNA 
Gm2691 improved cardiac function and cell 
viability by regulating the Akt signaling pathway 
[17]. Overexpression of lncRNA uc.4 can inhibit 
cell differentiation by regulating the TGF-b sig-
naling pathway [18]. Thus, further research on 
the roles of lncRNAs in cardiovascular disease 
will deepen our understanding of the pathologi-
cal process of this disease.

The lncRNA RMST has been shown to play an 
important role in cerebral ischemic disease [19, 
20]. Knockdown of RMST prevents neuronal dif-
ferentiation, suggesting a critical role in neuro-
nal differentiation [21]. Previous studies have 
shown that RMST silencing protects against 
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ischemic brain injury in vivo and neuron injury 
in vitro [22]. RMST silencing could reduce isch-
emia-induced brain infarct size and improve 
neurological function. However, the function of 
RMST in cardiovascular disease remains 
unknown.

In this study, we aimed to investigate the func-
tion and mechanism of lncRNA RMST in myo-
cardial infarction. Apoptosis, LDH and death 
rates were determined to analyze the function 
of RMST in vitro. Cardiac function and cardiac 
markers were assessed to determine the func-
tion of RMST in vivo. Additionally, we predicted 
the potential binding target of RMST and  
performed rescue experiments. Our results 
showed that the expression of lncRNA RMST 
was significantly increased under H/R or H2O2 
treatment. Knockdown of lncRNA RMST 
improved cell death and protected mitochon-
dria from H/R injury in vitro. In an in vivo study, 
cardiac function was significantly attenuated by 
knockdown of lncRNA RMST. We also provided 
evidence that miR-5692 was the direct target 
of lncRNA RMST. Rescue experiments showed 
that knockdown of miR-5692 could restore the 
function of RMST. Our study was the first to 
prove the function and mechanism of lncRNA 
RMST in myocardial infarction. Thus, a deeper 
understanding of the role of lncRNA RMST in 
myocardial infarction may provide new insights 
for the clinical intervention of MI.

Materials and methods

Cell culture

Cells were grown at 5% CO2 with Dulbecco’s 
modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum (FBS Invitrogen, Gibco) 
and 100 mg/ml penicillin/streptomycin. To 
mimic hypoxia reperfusion injury, NRVMs were 
first washed twice with PBS and then incubated 
with I/R buffer (4 mM HEPES, 117 mM NaCl, 12 
mM KCl, 0.9 mM CaCl2, 0.49 mM MgCl2, 20 mM 
sodium lactate, 5.6 mM 2-deoxy-glucose, pH 
6.2). NRVMs were then placed in a hypoxia 
chamber (Billups-Rothenberg) and flushed with 
95% N2/5% CO2 for 30 min. The cells were then 
treated in serum-free DMEM with 300 µM H2O2 
for 2 hours in a 5% CO2 incubator at 37°C.

Death rates

Trypan blue staining (Beyotime, China) was 
used to calculate the mortality of primary car-

diomyocytes. In H/R model, cells were digested 
after 12 h reperfusion. Trypan blue was used to 
stain the cells, and measurements were taken 
according to the manufacturer’s instructions.

LDH release

Levels of released lactate dehydrogenase 
(LDH) were detected in serum using an LDH 
release assay kit (Beyotime, China) according 
to the manufacturer’s protocol.

Western blot

Cardiomyocytes were lysed for 30 min on ice 
with RIPA lysis buffer (Solarbio, Beijing, China) 
containing 0.1 mM PMSF and a protease inhibi-
tor (Roche), and the BCA protein assay kit 
(Beyotime, Nantong, China) was used to detect 
the protein concentrations. Primary antibodies 
against Bax, Bcl-2, HSP90 and MAGI3 were all 
obtained from Cell Signaling Technology 
(Beverly, USA), and HSP90 was used as a load-
ing control.

PCR

Total RNA from NRVMs was extracted using 
TRIzol (Invitrogen), and cDNA was synthesized 
using an iScript cDNA Synthesis Kit (Bio-Rad, 
Hercules, CA). An ABI Prism 7900 Sequence 
Detection System (Applied Biosystems) was 
used to perform quantitative real-time PCR 
(qRT-PCR). ANP forward primer, 5’-GAACCT- 
GCTAGACCACCT; reverse primer, 5’-CCTAGTCC- 
ACTCTGGGCT. BNP forward primer, 5’-AAGCT- 
GCTGGAGCTGATAAGA; reverse primer, 5’-GT- 
TACAGCCCAAACGACTGAC. GAPDH was used as 
an internal normalization reference for RMST 
and other genes. The 2-ΔΔCt method was used to 
calculate gene expression levels.

Hoechst staining

Briefly, cells were seeded on sterile cover glass-
es placed in 6-well plates the day before treat-
ment. Then, the cells were fixed, washed twice 
with PBS and stained with Hoechst 33258 
(Apoptosis Hoechst staining kit, Beyotime 
Biotechnology, Shanghai, China) according to 
the manufacturer’s instructions. The stained 
cells were examined and immediately imaged 
under a fluorescence microscope (Nikon, 
Japan). At least 3 visual fields were chosen for 
analysis. The rate of apoptotic cell nuclei is 
defined as apoptotic positive cell nuclei/total 
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cell nuclei in the field. The fluorescence of the 
cells was detected and quantified by ImageJ 
software. 

I/R cardiac animal model

The male C57BL/6J mice (6-10 weeks of age, 
20~22 g) used in our study were obtained from 
the Animal Research Center of Henan Provincial 
People Hospital, and the study was approved 
by the Animal Nursing Committee of Henan 
Provincial People Hospital. A total of 30 mice 
were used, of which 6 were used as controls, 
and the remaining 24 underwent I/R surgery. In 
the I/R process, the left anterior descending 
branch (LAD) was occluded for 60 min and then 
reperfused for 1 week. After 1 week of reperfu-
sion injury, the mice were sacrificed for further 
analysis. Mouse after reperfusion injury were 
sacrificed and heart tissues were harvested for 
ANP and BNP measurement. 

Echocardiography analysis 

Echocardiography was used to evaluate cardiac 
function in mice. In the I/R operation, the ST 
segment elevation and QRS wave width were 
used to confirm ischemia. At the end of the ani-
mal experiment, the LV ejection fraction (EF) 
and fractional shortening rate (FS) were calcu-
lated. M-mode recordings at the level of the 
papillary muscles were conducted to measure 
systolic and diastolic left ventricular internal 
dimensions. Fractional shorting was calculated 
as (LVIDd-LVIDs)/LVIDd and expressed as 
percentage.

Dual-luciferase reporter assay

RMST with wild-type or mutant (mut) binding 
sites for miR-5692a was amplified and cloned 
into the pGL3 vector (Promega, Madison, WI, 
USA). HEK 293 cells were used to perform the 
luciferase reporter assay, and the miR-5692a 
mimics and RMST vector were cotransfected 
using Lipofectamine 3000 reagent. Luciferase 
activity was analyzed using a dual-luciferase 
system following the manufacturer’s protocol.

RIP

RIP experiments were conducted using the 
Magna RIP RNA-Binding Protein Immuno- 
precipitation kit (Catalog No. 17-700, Millipore). 
Cardiomyocytes were lysed, and the whole cell 

lysates were cultured with protein magnetic 
beads, which were conjugated using 2 μg of 
MAGI3 antibody or control IgG at 4°C overnight. 
The immunoprecipitated RNA was purified and 
analyzed by RT-qPCR. 

Statistical analysis

All results are expressed as the mean ± SD. 
Student’s t-tests were used to determine sig-
nificant differences. Comparisons between 
groups were performed by one-way analysis of 
variance (ANOVA), and p values < 0.05 (*) and 
0.01 (**) were considered significant.

Results

LncRNA RMST was increased under H/R and 
H2O2 conditions

To investigate the function of RMST, we first 
established H/R and H2O2 models. After 5 
hours of hypoxia, cardiomyocytes were recul-
tured in normal culture medium overnight. Our 
results showed that death rates were signifi-
cantly increased after H/R treatment. We also 
assessed the death rates when cells were 
treated with 300 µm H2O2 for 2 hours. H2O2 also 
increased the cell death rates (Figure 1A). In 
addition, we measured LDH release and found 
that the H/R and H2O2 models increased LDH 
levels (Figure 1B). LncRNA RMST was mainly 
located in the cytoplasm, as indicated in the 
cytoplasm and nucleus isloation experiment 
(Figure 1C). Finally, we detected the expression 
of RMST in the H/R and H2O2 models, and found 
that it was significantly increased compared 
with that in the control group (Figure 1D). Thus, 
our results suggest that lncRNA RMST may play 
a role in H/R injury.

Functional analysis of RMST in vitro

To explore the function of RMST, we first 
knocked down the lncRNA and verified the 
knockdown efficiency. PCR results showed that 
lncRNA RMST was knocked down by 80% 
(Figure 2A). Next, we performed a comprehen-
sive analysis of lncRNA RMST in vitro. Kno- 
ckdown of lncRNA RMST significantly reduced 
cell injury, as evidenced by a reduction in cell 
death rates and LDH release (Figure 2B, 2C). 
We also assessed the cell apoptosis markers 
Bax and Bcl-2 by western blotting. Knockdown 
of lncRNA RMST significantly reduced cell apop-
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Figure 1. LncRNA RMST was upregulated exposed to H/R and H2O2. A. Death rates were downregulated exposed to H/R and H2O2. B. LDH release was upregulated 
exposed to H/R and H2O2. C. RMST was mainly located in cytoplasm. D. The expression of lncRNA RMST was upregulated exposed to H/R and H2O2.
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tosis, as indicated by decreased Bax expres-
sion and increased Bcl-2 expression (Figure 
2D). We also performed Hoechst staining, 
which demonstrated that knockdown of lncRNA 
RMST effectively reduced the cell apoptosis 
rates in the H/R model (Figure 2E, 2F). In addi-
tion, we also examined the function of RMST in 
the H2O2 model. Knockdown of lncRNA RMST 
protected cardiomyocytes against the cell inju-
ry induced by the H2O2 model, as evidenced by 
a decrease in cell death rates and LDH release 
(Figure 2G, 2H). Thus, our results suggest that 
knockdown of lncRNA RMST protects cells from 
ischemic reperfusion injury.   

Functional analysis of RMST in vivo

To further explore the function of RMST in vivo, 
we established an MI animal model. After 1 
hour of ligation, the mice were maintained for 1 
week of reperfusion and then sacrificed for fur-

ther analysis. Echocardiography was used to 
record cardiac remodeling. Knockdown of 
lncRNA RMST significantly improved cardiac 
function, as evidenced by improved EF and FS 
(Figure 3A, 3B). We also measured the cardiac 
markers ANP and BNP, which were significantly 
downregulated after knockdown of lncRNA 
RMST (Figure 3C). Finally, we measured the 
heart weight and body weight. Knockdown of 
lncRNA RMST clearly reduced this ratio, sug-
gesting a protective role for lncRNA RMST in 
myocardial infarction (Figure 3D).

miR-5692a is a direct target of RMST

To investigate the possible mechanism involv-
ing RMST, first we used bioinformatic analysis 
to predict the potential binding target. Con- 
sidering the location of this lncRNA, we predict-
ed the miRNAs that it may bind to, among which 
miR-5692a had the highest fold change. The 

Figure 2. Function analysis of lncRNA RMST in cardiomyocytes. A. Knockdown of RMST was verified. B. Knockdown 
of RMST reduced the cell death rates in H/R. C. LDH release was increased in knockdown of RMST in H/R. D. Apop-
tosis markers were detected via western blot. E. Hoechst staining was performed to detect the apoptosis. F. Quanti-
fication data was measured. G. Death rates were reduced in knockdown of RMST in H2O2 model. H. Knockdown of 
RMST reduced the LDH release in H2O2 model.

Figure 3. Function of RMST in vivo. A. Echocardiography analysis was recorded. B. EF and FS were measured. (N=6 
per group, one-way ANOVA analysis with Bonferroni’s multiple comparison test). C. Cardiac markers ANP and BNP 
were measured via real-time PCR. (N=6 per group, one-way ANOVA analysis with Bonferroni’s multiple comparison 
test). D. Heart weight and body weight were recorded. (N=6 per group, one-way ANOVA analysis with Bonferroni’s 
multiple comparison test).
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potential binding sequences are shown in 
Figure 4A. Next, we analyzed the binding rela-
tionship between miR-5692a and RMST using 
a dual-luciferase reporter assay. The relative 
luciferase activity of the RMST reporter was sig-
nificantly reduced in the miR-5692a group, 
whereas no difference was detected in the 
mutant group (Figure 4B). Overexpression of 
miR-5692a significantly reduced the expres-
sion of RMST and knockdown of miR-5692a 
increased the expression of RMST, suggesting 
that miR-5692a negatively regulates the 
expression of RMST (Figure 4C, 4D). Finally, we 
examined the expression of miR-5692a in the 
H/R and H2O2 models, and our results showed 
that the expression of miR-5692a was signifi-
cantly decreased upon H/R and H2O2 treatment 
(Figure 4E). Thus, our results suggest that miR-
5692a is a direct target of RMST and negatively 
regulates RMST.

MAGI3 is a direct target of miR-5692a

Here, we used bioinformatics analysis to pre-
dict the downstream target of miR-5692a and 
identified a potential binding site between miR-
5692a and MAGI3 (Figure 5A). A dual-lucifer-

ase reporter assay showed that the relative 
luciferase activity of the MAGI3 reporter was 
markedly reduced in the miR-5692a group, 
whereas no difference was detected in the 
mutant group (Figure 5B). Overexpression of 
miR-5692a significantly reduced the expres-
sion of MAGI3 and the opposite was observed 
when miR-5629a was knocked down, as dem-
onstrated by real-time PCR (Figure 5C). Similar 
results were observed by western blotting, sug-
gesting that miR-5692a can negatively regulate 
the expression of MAGI3 (Figure 5D). In addi-
tion, we also assessed the expression of MAGI3 
upon H/R and H2O2 treatment. Our results sug-
gested that the expression of MAGI3 was clear-
ly increased upon H/R and H2O2 treatment 
(Figure 5E). Finally, we verified the relationship 
between lncRNA RMST, miR-5692a and MAGI3. 
RIP experiments showed that lncRNA RMST 
can bind with miR-5692a (Figure 5F). Thus, our 
results proved that MAGI3 is a direct target of 
miR-5692a.

The RMST/miR-5692a/MAGI3 axis in MI

To prove the relationship between the factors in 
the RMST/miR-5692a/MAGI3 axis in MI, we 

Figure 4. miR-5692a is the direct target of RMST. A. The potential binding sequence was showed. B. Dual-luciferase 
reporter assay was detected to verify the relationship between miR-5692a and RMST. C. miR-5692a negatively 
regulate expression of RMST. D. miR-5692a negatively regulate the expression of RMST. E. The expression of miR-
5692a was significantly downregulated in H/R and H2O2 model.
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Figure 5. MAGI3 is the direct target of miR-5692a. A. The potential binding sequence between miR-5692a and MAGI3 was showed. B. Dual-luciferase reporter 
assay was performed to detect the relationship between miR-5692a and MAGI3. C. miR-5692a negatively regulate the expression of MAGI3 via real-time PCR. D. 
miR-5692a negatively regulate the expression of MAGI3 via western blot. E. The expression of MAGI3 was significantly increased in H/R and H2O2 model. F. RIP 
experiment was performed to verify the binding relationship.
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performed a comprehensive rescue experi-
ment. First, knockdown of RMST significantly 
reduced the expression of MAGI3, as evidenced 
by a decrease in MAGI3 determined by real-
time PCR and western blot (Figure 6A, 6B). 
Knockdown of miR-5692a partially blocked the 
effect of lncRNA RMST, as evidenced by 
increased levels of MAGI3 determined by real-
time PCR and western blot (Figure 6C, 6D). 
Next, a rescue experiment was performed to 
identify the relationship between RMST and 
miR-5692a. In the H/R model, knockdown of 
RMST reduced the cell death rates; however, 
knockdown of miR-5692a rescued this effect, 
as indicated by a small increase in death rates 
(Figure 6E). We also analyzed LDH release and 
found that knockdown of miR-5692a rescued 
the effect caused by the knockdown of lncRNA 
RMST (Figure 6F). Finally, we detected the 
apoptosis rates using Hoechst staining and 
quantified the data. Knockdown of RMST sig-
nificantly reduced cell apoptosis, and knock-
down of miR-5692a restored the anti-apoptotic 
effect (Figure 6G). Thus, our results suggest 
that lncRNA RMST has a protective function in 
myocardial infarction by regulating miR-5692a 
and MAGI3.

Discussion

In this study, we performed a comprehensive 
functional analysis of lncRNA RMST in myocar-
dial infarction and provided evidence that 
lncRNA RMST protects against cardiomyocyte 
injury by regulating miR-5692a and MAGI3. Our 
study verified this function in different cell mod-
els and an animal model. Finally, rescue experi-
ments proved the relationship between miR-
5692a and RMST. Our study provides new 
clues for understanding the mechanism of 
myocardial infarction.

Reperfusion therapy as soon as possible after 
AMI can alleviate myocardial ischemia injury 
[23], but sometimes reperfusion can also 
aggravate the cardiac dysfunction and struc-
tural damage of myocardial cells [24]. This 
pathological process involves many different 
pathological reactions, including ROS produc-
tion [25], inflammation [26], apoptosis [27] and 
oxidative stress [28]. Apoptosis and death of 
cardiomyocytes were significantly increased 
during I/R injury of AMI. Thus, targeting cell 
death may provide new clues for clinical inter-

vention. H/R and H2O2 are commonly used 
model to study the ischemia injury. Hypoxia and 
reperfusion model were used to study the isch-
emia and reperfusion injury, whereas H2O2 
model was used to analyze the ROS and mito-
chondrial function. It is essential to demon-
strate the potential molecular mechanisms and 
identify useful therapeutic targets. In the cur-
rent study, we found that knockdown of RMST 
decreased the protein level of Bax. Hoechst 
staining also showed decreased cell apoptosis 
rates. Thus, our study provides a new target for 
clinical intervention.

The mechanism of lncRNAs mainly depends on 
their location [29, 30]. Nuclear lncRNAs can 
regulate target gene transcription [31, 32]. 
However, cytoplasmic lncRNAs can act as a 
sponge to bind miRNAs and thus regulate their 
target genes. For example, lncRNA RPL34-AS1 
inhibits papillary thyroid cancer development 
by competitively binding miR-3663-3p/RGS4 
[33]. Silencing of lncRNA Gm11974 protects 
against cerebral ischemic reperfusion through 
the miR-766-3p/NR3C2 axis [34]. Our study 
predicted the potential binding target of RMST, 
among which miR-5692a had the highest fold 
change. Thus, we used a dual-luciferase report-
er assay to verify the relationship between the 
two genes. MicroRNA is also a member of the 
noncoding RNA family and can bind to the 
3’UTR of target mRNA to regulate different cell 
activities [35]. Previous studies have shown 
that miR-5692a can promote hepatocellular 
carcinoma by regulating HOXD8 [36], suggest-
ing that miR-5692a may function in pathologi-
cal processes. To date, there is no report about 
the function of miR-5692a in myocardial infarc-
tion. Thus, we analyzed the expression of miR-
5692a, and the results demonstrated that miR-
5692 was downregulated upon H/R and H2O2 
treatment. In the current study, bioinformatics 
analysis showed that MAGI3 is a direct target of 
miR-5692a, and we also provided evidence 
about their interaction by dual-luciferase 
reporter assays. MiR-5692a could negatively 
regulate the expression of MAGI3, and RIP 
experiments further confirmed the interaction 
between RMST and miR-5692a. Overall, we 
proved that lncRNA RMST can sponge miR-
5692a and target MAGI3.

Taken together, our findings provide functional 
data and the mechanism of RMST involvement 
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Figure 6. RMST/miR-5692a/MAGI3 pathway in I/R injury. A. Knockdown of RMST significantly reduced the expression of MAGI3 via real-time PCR. B. Knockdown of 
RMST significantly reduced the expression of MAGI3 via western blot. C. knockdown of miR-5692a blocked the effect of RMST via real-time PCR. D. knockdown of 
miR-5692a blocked the effect of RMST via western blot. E. Knockdown of miR-5692a rescued the death rates effect induced by knockdown of RMST. F. Knockdown 
of miR-5692a restored the LDH release of RMST. G. Apoptosis revealed that knockdown of miR-5692a rescued the effect of RMST.
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in myocardial infarction. Knockdown of lncRNA 
RMST improved cell death and protected mito-
chondria from H/R injury in vitro. In an in vivo 
study, cardiac function was significantly attenu-
ated by knockdown of lncRNA RMST. We also 
provided evidence that miR-5692 was the 
direct target of lncRNA RMST. Rescue experi-
ments showed that overexpression of miR-
5692 could restore the function of RMST. Our 
study is the first to prove the function and 
mechanism of lncRNA RMST in myocardial 
infarction. Thus, a deeper understanding of 
lncRNA RMST in myocardial infarction may pro-
vide new insights for the clinical intervention of 
MI.
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