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Introduction

Myocardial infarction (MI) is one of the most common isch-
emic heart diseases leading to death all over the world1. In 
recent years, the severity of MI has drawn increasing atten-
tion in humans. In acute MI, persistent and severe myocardial 
ischemia results in myocardial necrosis2,3. Moreover, many 
studies have explored that long non-coding RNAs (lncRNAs) 
are involved in the progression of MI4,5. Our study elucidated 
the molecular mechanism of a novel lncRNA zinc finger pro-
tein 561 antisense RNA 1 (ZNF561-AS1) in hypoxia-induced 
myocardial cells.

NLR family pyrin domain containing 3 (NLRP3) inflam-
masome has been reported to act as a modulator in MI6–8. 
NLRP3 inflammasome activation protects the heart during 
myocardial ischemia reperfusion9. Selective inhibition of  
the NLRP3 inflammasome could decline infarct size and 
preserve the cardiac function of MI10. Moreover, NLRP3 
involvement in modulating cell malignant behaviors in 

different diseases has also been somewhat investigated. For 
instance, NLRP3 downregulation could markedly weaken 
proliferative, migratory, and invasive abilities of glioma cells 
while strengthening cell apoptosis11. In addition, NLRP3 
knockdown has also been validated to significantly hamper 
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Abstract
Long non-coding RNAs (lncRNAs) have been widely recognized as important regulators in myocardial infarction (MI) and 
other heart diseases. Our study aimed to investigate the mechanism and biological function of an unknown lncRNA zinc 
finger protein 561 antisense RNA 1 (ZNF561-AS1) in MI. After confirming the MI model was successful, we applied reverse 
transcription quantitative polymerase chain reaction and Western blot (WB) and found that the expression of NLR family 
pyrin domain containing 3 (NLRP3), interleukin (IL)-1β, and IL-18 was substantially increased in infarct and border zones of 
MI mice heart at 24 h and 72 h compared with that in sham-operated models. Moreover, we found that NLRP3 expression 
was promoted in hypoxia human cardiomyocytes (HCMs). Through cell function assays including CCK-8, 5-Ethynyl-2’-
deoxyuridine (EdU), flow cytometry, and TdT-mediated dUTP Nick-End Labeling (TUNEL), supported by WB analysis, 
we verified that silencing of NLRP3 facilitated proliferation but impeded apoptosis of hypoxia-induced myocardial cell. 
Moreover, Ago2-RIP and RNA pull-down assays displayed that NLRP3 could combine with miR-223-3p. Luciferase reporter 
assays further confirmed that NLRP3 was directly targeted by miR-223-3p. Simultaneously, we found that miR-223-3p was 
the downstream gene of ZNF561-AS1. In addition, we conducted a series of rescue experiments to affirm that ZNF561-
AS1 regulated cell proliferation and apoptosis in MI through miR-223-3p/NLRP3 axis.
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oral squamous cell carcinoma (OSCC) cell viability and pro-
liferation12. In our study, we examined the expression of 
NLRP3, as well as interleukin (IL)-1β and IL-18 expression, 
which were inflammatory markers in infarct and border zones 
of MI mice heart or in sham-operated models at 24 and 72 h 
to detect the differences. Afterward, we performed gain-of-
function and loss-of function assays to confirm the influence 
of NLRP3 on proliferation and apoptosis of hypoxia-induced 
myocardial cells. Thereafter, we conducted further experi-
ment to explore the underlying regulatory mechanism involv-
ing NLRP3 in hypoxia-induced myocardial cells.

Increasing evidence has implied that microRNAs (miRNAs) 
play crucial roles in the pathophysiological processes of 
MI13–15. LncRNA autophagy-promoting factor (APF) affects 
autophagy and MI by regulating miR-188-3p16. MiR-1231 
aggravates arrhythmia by targeting CACNA2D2 in MI17. 
MiR-223 could promote cardiomyocyte apoptosis by inhibit-
ing Foxo3a expression18. MiR-223 has also been proved to 
regulate cardiac fibrosis after MI by targeting RASA119. In 
our study, we designed and implemented various experi-
ments to ravel out the interaction between NLRP3 and  
miR-223-3p in hypoxia-induced myocardial cells. More 
importantly, we also applied bioinformatics programs to pre-
dict whether ZNF561-AS1 served as a potential lncRNA 
binding with miR-223-3p. In this respect, we further explored 
whether ZNF561-AS1/miR-223-3p/NLRP3 axis regulated 
cell proliferation and apoptosis of hypoxia-induced myocar-
dial cells.

In a word, our study was to elucidate the role and relevant 
regulatory mechanism regarding ZNF561-AS1 in cardiomy-
ocytes, which might provide a novel perspective to under-
stand MI and offer a potential biomarker for MI.

Materials and Methods

Animals

The healthy adult Kunming male mice (25–30 g) were pro-
cured from Beijing Vital River Laboratory Animal Technology 
Co. Ltd. (Beijing, China) and used in this study. Mice were 
maintained under standard animal housing conditions and 
were free to feed and water for 7 days. All animal-related pro-
cedures were conducted in line with the Institutional Animal 
Care and Use Committee of the First Affiliated Hospital of 
Henan University and the Ethics Committee of the First 
Affiliated Hospital of Henan University.

Hematoxylin–Eosin (H&E) Staining

H&E staining was performed as previously described20. MI 
tissues were taken under aseptic conditions, subsequent to 
24-h fixation with 4% formaldehyde. The processed tissues 
were stained with H&E, and then H&E-stained images were 
captured with a standard microscope.

Cell Culture and Treatment

Human cardiomyocytes (HCMs) used in this study were 
available from PromoCell GmbH (Heidelberg, Germany) 
and preserved in PromoCell cardiomyocyte culture medium 
with 10% fetal bovine serum (FBS; PromoCell). HCM was 
cultured in a humidified incubator supplying 5% CO2 at 
37°C. The hypoxia HCMs were constructed under hypoxic 
conditions of 1% O2, 5% CO2, and 94% N2 for 48 h.

Total RNA Extraction and RT-qPCR

TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was 
employed for extracting total RNA from cultured cells, as 
per the provided protocol. After that, complementary DNA 
(cDNA) synthesis was completed with the application of 
PrimeScript™ II Reverse Transcriptase (TaKaRa, Shiga, 
Japan), and reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) procedure was achieved using 
SYBR Green PCR Kit (TaKaRa). Results of PCR were pro-
cessed on the basis of 2−ΔΔCt method, standardized to glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) or U6. 
Primer sequences used in RT-qPCR are listed in Table 1. The 
assay included three bio-repeats.

Western Blot (WB) Assay

The radioimmunoprecipitation assay (RIPA) buffer was 
applied to achieve the protein lysates. Total protein was 
extracted by PROTTOT-1KT. And then the concentration of 
protein was measured by Bradford Protein Assay Kit. 
Afterward, the proteins were treated with 12% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to the poly(vinylidene fluoride) 
(PVDF) membranes. Subsequently, membranes blocked by 
5% skimmed milk were co-cultivated with specific primary 

Table 1. Primer Sequence.

NLRP3 F:GAGGCTGGCATCTGGATGAG 
R:TGTGTCCTGAGCCATGGAAG

IL-1β F:CAGAAGTACCTGAGCTCGCC 
R:AGATTCGTAGCTGGATGCCG

IL-18 F:CGCAGATGGCTCTTTGCTTT 
R:ATGGTCCGGGGTGCATTATC

miR-223-3p F:GCCGAGtgtcagtttgtcaaat  
R:CTCAACTGGTGTCGTGGA

ZNF561-AS1 F:GGGGGATGCTCCTCCAAAG 
R:TCACGTCACTGCATTCGAGC

GAPDH F: GCTCTCTGCTCCTCCTGTTC
R: TGGAATTTGCCATGGGTGGA

U6 F: TCCCTTCGGGGACATCCG
R: AATTTTGGACCATTTCTCGATTTGT

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; IL: interleukin; 
NLRP3: NLR family pyrin domain containing 3.
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antibodies from Abcam (Cambridge, MA, USA), including 
anti-GAPDH (ab8245), anti-NLRP3 (ab263899), anti- 
caspase 1 (ab207802), anti-caspase 11 (ab246496), anti-Bcl-2 
(ab32124), anti-Bax (ab32503), anti-total caspase-3 (ab32351), 
and anti-cleaved caspase-3 (ab32042) overnight at 4°C. 
After that, secondary antibodies were added for cultivation. 
Eventually, the proteins were measured via enhanced chemi-
luminescence (ECL) detection system. Bio-repeats were run 
in triplicate. GAPDH was regarded as the internal control.

Cell Transfection

The NLRP3-specifc and ZNF561-AS1-specific short hairpin 
RNAs (shRNAs) were designed by Genechem (Shanghai, 
China), along with their NC-shRNAs. The pcDNA3.1 vector 
targeting NLRP3 and empty vector were also obtained from 
Genechem. Moreover, miR-223-3p mimics and miR-223-3p 
inhibitor were synthesized by RiboBio (Guangzhou, China), 
together with NC mimics and NC inhibitor. Forty-eight-hour 
cell transfection was performed by means of Lipofectamine 
3000 (Invitrogen). The assay included three bio-repeats.

Cell Counting Kit-8 (CCK-8) Assay

Cells with stable transfection during the logarithmic growth 
were seeded onto 96-well plates and cultivated with 5% 
CO2 at 37°C for 24 h. Then, CCK-8 solution was added to 
each well and the absorbance value at 450 nm was mea-
sured to determine the cell viability. The assay included 
three bio-repeats.

EdU Staining Assay

In all, 1 × 104 transfected cells were collected and plated 
into 96-well plates. 5-Ethynyl-2’-deoxyuridine (EdU) assay 
kit (RiboBio) was incubated with cells for 2 h at 37°C, and 
then DAPI staining solution was added for 5 min at room 
temperature. Fluorescence microscope (Olympus, Tokyo, 
Japan) was used for the fluorescent observation. The assay 
included three bio-repeats.

Flow Cytometry Apoptosis

In all, 1 × 106 transfected cells were prepared in six-well 
plates for flow cytometry assay, based on the standard method 
of Annexin V-FITC/PI double staining kit (Invitrogen). After 
treatment in the dark for 15 min, the samples were finally 
examined by flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA). The assay included three bio-repeats.

TUNEL Staining Assay

In all, 1 × 104 transfected cells in 96-well plates were pre-
pared for TdT-mediated dUTP Nick-End Labeling 
(TUNEL) staining assay. Cells were treated with TUNEL 

assay kit (Merck KGaA, Darmstadt, Germany) and then 
fixed in 4% paraformaldehyde. Following culture with 
0.1% Triton-X100, cells were stained by DAPI and 
observed using fluorescence microscope (Olympus). The 
assay included three bio-repeats.

RNA Immunoprecipitation

Magna RIP™ RNA-Binding Protein Immunoprecipitation 
Kit was acquired for RIP assay, based on the provided proto-
col (Millipore, Bedford, MA, USA). Human Ago2 antibody 
and normal IgG antibody were used. After lysing, cell extracts 
were subjected to RIP buffer with the antibody-conjugated 
magnetic beads. The final precipitates were examined after 
RNA isolation. The assay included three bio-repeats.

RNA Pull-Down

RNA pull-down assay was monitored using Pierce Magnetic 
RNA-Protein Pull-Down Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). The wild-type (WT) and mutant 
(MUT) binding sites of ZNF561-AS1 or NLRP3 in miR-
223-3p sequences were acquired and biotinylated. Then, the 
obtained probes were incubated with cell lysis and magnetic 
beads. The recovered RNA-RNA mixture was exposed to 
RT-qPCR. The assay included three bio-repeats.

Fluorescence In Situ Hybridization (FISH)

The specific FISH probe to ZNF561-AS1 was commercially 
synthesized by Ribobio and employed as instructed. After 
fixing, the collected cells were cultivated with the probe in 
the hybridization buffer, followed by nuclear staining with 
DAPI. Fluorescent detection was performed with the help of 
fluorescence microscope (Olympus). The assay included 
three bio-repeats.

Subcellular Fractionation Assay

The separation of cell nucleus and cytoplasm was achieved 
with the application of PARIS™ Kit (Invitrogen), in light of 
the user guide. Cell fractionation buffer was added for sepa-
rating the cell cytoplasm. Expression levels of ZNF561-AS1, 
U6, and GAPDH were examined after isolating the total 
RNA. The assay included three bio-repeats.

Luciferase Reporter Gene Assay

ZNF561-AS1 fragment or NLRP3 3′-UTR (untranslated 
region), which contained the WT and MUT binding sites of 
miR-223-3p, was inserted into pmirGLO vector for luciferase 
assay. pmirGLO-NLRP3 3′-UTR WT/MUT or pmirGLO-
ZNF561-AS1 WT/MUT was co-transfected with miR-223-3p 
mimics or miR-223-3p inhibitor in cells using Lipofectamine 
3000. After transfection for 48 h, their relative luciferase 
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activity was assayed using the dual-luciferase reporter assay 
system (Promega, Madison, WI, USA). The assay included 
three bio-repeats.

Immunohistochemistry (IHC)

NLRP3 expression in infarct zone, border zone, and remote 
zone after MI was analyzed via IHC staining as previously 
described21. Briefly, subsequent to, tissue specimens were 
embedded in paraffin and cut into 4-μm sections, followed by 
incubation with primary antibody against NLRP3 overnight at 
4°C. After washing with phosphate-buffered saline (PBS), the 
sections were incubated with secondary antibody at room tem-
perature. Finally, the tissue sections were stained with DAB 
for immunolabeling and the cell nucleus was stained with 
hematoxylin, followed by observation under microscope.

Statistical Analyses

All experiments included three bio-repeats, and the experi-
mental data were exhibited as means ± standard deviation 
(SD). The data in group difference were estimated by analy-
sis of variance (ANOVA) or Student’s t test, with P < 0.05 
as the threshold of statistical significance. All graphs in this 
study were generated with the application of GraphPad 
PRISM 6 (GraphPad, San Diego, CA, USA).

Results

NLRP3 Is Overexpressed in Mice MI Models and 
Hypoxia-Induced Myocardial Cells

With the aim to confirm the successful establishment of MI 
model, H&E and 2,3,5-triphenyltetrazolium chloride (TTC) 
staining were first applied. As depicted in Supplementary 
Fig. 1A, the myocardial cells in the Sham group were well 
arranged and had normal nuclear structure, while the myo-
cardial cells in the MI group were loosely connected and 
some were in disarray, with an overt increase in interstitial 
inflammatory exudation. Herein, it could be concluded that 
the MI model was successfully constructed. Subsequently, 
RT-qPCR, WB, and IHC were applied to detect the expres-
sion of NLRP3 in infarct zone, border zone, and remote zone 
after MI for 4, 24, and 72 h, respectively. In infarct zone and 
border zone, NLRP3 expression was significantly elevated in 
MI mice hearts at 24 and 72 h compared with that in sham-
operated animals. Inversely, no change in NLRP3 expression 
was found in the remote zone of MI mice (Fig. 1A and 
Supplementary Fig. 2A). Consistently, the expression of 
IL-1β and IL-18 was much more upregulated in infarct zone 
and border zone of MI mice hearts at 24 and 72 h than that in 
sham-operated animals. The expression of IL-1β and IL-18 
had no significant difference in the remote zone of MI mice 
(Fig. 1B, C). Furthermore, the expression of NLRP3, IL-1β, 
and IL-18 was apparently higher in hypoxia HCMs 

compared with the normal group, and NLRP3 protein level 
was also higher in hypoxia HCMs relative to normal HCMs 
(Fig. 1D). Then we knocked down NLRP3 in hypoxia HCMs, 
and the knockdown efficiency was determined by RT-qPCR 
and WB (Fig. 1E). Then, RT-qPCR assays evidenced that the 
expression of IL-1β and IL-18 was markedly lessened by 
NLRP3 silencing in hypoxia HCMs (Fig. 1F). On the con-
trary, we overexpressed NLRP3 in normal HCMs and found 
that the expression of IL-1β and IL-18 was obviously pro-
moted in normal HCMs transfected with pcDNA3.1/NLRP3 
(Fig. 1G, H). At the same time, the expression of caspase-1 
(canonical NLRP3/caspase-1/IL-1β pathway) and cas-
pase-11 (noncanonical capase-11 pathway) was also tested 
through WB in different groups. According to the result, the 
expression of caspase-1 notably increased in MI groups at  
24 and 72 h in infarct zone and border zone compared  
with sham-operated groups, while no obvious change was 
observed in the expression of caspase-11 (Supplementary 
Fig. 2B). Also, the expression of caspase-1 was much more 
in hypoxia HCMs than in normal HCMs, and the expression 
of caspase-11 showed no variations (Supplementary Fig. 2C). 
Meanwhile, caspase-1 expression was decreased in hypoxia 
HCMs after NLRP3 knockdown and was increased in nor-
mal HCMs after NLRP3 augment, while the expression of 
caspase-11 showed no significant difference in different 
groups (Supplementary Fig. 2D, E). Together, NLRP3 was 
overexpressed in mice MI models and hypoxia-induced 
myocardial cells.

Silencing of NLRP3 Promotes Proliferation and 
Suppresses Apoptosis of Myocardial Cells

To investigate the role of NLRP3 in cardiomyocytes, cell 
function assays were conducted. CCK-8 assay was imple-
mented for investigating how NLRP3 impacts cell viability, 
and it was suggested from the results that the decline in 
NLRP3 expression resulted in enhanced viability of HCMs 
under hypoxia condition, while an increment in NLRP3 level 
overtly inhibited the viability of HCMs under normal condi-
tion (Supplementary Fig. 3A). The results of EdU assays dis-
closed that silencing of NLRP3 increased the proportion of 
EdU-positive cells in hypoxia HCMs, while the overexpres-
sion of NLRP3 decreased the proportion of EdU-positive 
cells in normal HCMs (Fig. 2A). Besides, it was revealed in 
flow cytometry and TUNEL assays that the knockdown of 
NLRP3 reduced the apoptosis rate of hypoxia HCMs and 
upregulation of NLRP3 enhanced the apoptosis rate of nor-
mal HCMs (Fig. 2B, C). Furthermore, WB analysis was 
applied for the measurement of apoptosis-related genes, 
including Bcl-2, Bax, and cleaved caspase-3. From the 
results, NLRP3 silence led to augmentation of Bcl-2 and 
reduction of Bax and cleaved caspase-3 in hypoxia HCM, 
while NLRP3 overexpression led to the opposite conse-
quences in HCM under normal condition, reflecting that 
NLRP3 downregulation weakened the apoptotic ability of 



Li et al 5

hypoxia HCMs, while NLRP3 upregulation strengthened the 
apoptosis of HCMs under normal condition (Supplementary 
Fig. 3B). Totally, silencing of NLRP3 promoted the prolif-
eration and suppressed apoptosis of myocardial cells.

NLRP3 Is Directly Targeted by miR-223-3p

Through the analysis of bioinformatics programs including 
RegRNA, miRTarBase, and TargetScan, we discovered that 
miR-223-3p was the potential miRNA combining with 

NLRP3 (Fig. 3A). It was indicated from RT-qPCR analysis 
that in infarct zone and border zone, miR-223-3p expression 
significantly declined in MI mice hearts at 24 and 72 h com-
pared with that in sham-operated animals. Inversely, miR-
223-3p expression hardly changed with time in the remote 
zone of MI mice (Supplementary Fig. 3C). Subsequently, 
RT-qPCR examined that miR-223-3p had low expression in 
hypoxia HCMs (Fig. 3B). Then we elevated miR-223-3p 
expression in hypoxia HCMs while reducing miR-223-3p 
expression in normal HCMs. The overexpression efficiency 

Figure 1. NLRP3 is overexpressed in mice MI models and hypoxia-induced myocardial cells. (A) RT-qPCR and WB detected the 
NLRP3 level in infarct zone, border zone, and remote zone after MI for 4, 24, and 72 h, respectively. (B, C) RT-qPCR and WB measured 
IL-1β and IL-18 expression in infarct zone, border zone, and remote zone after MI for 4, 24, and 72 h, respectively. (D) The expression 
of NLRP3, IL-1β, and IL-18 was assessed in hypoxia HCMs compared with the normal group through RT-qPCR and WB. (E) The 
expression of NLRP3 was detected in hypoxia HCMs transfected with shRNAs targeting NLRP3 via RT-qPCR and WB. (F) RT-qPCR 
examined the expression of IL-1β and IL-18 after NLRP3 silencing in hypoxia HCMs. (G) RT-qPCR and WB evaluated NLRP3 level in 
normal HCMs transfected with pcDNA3.1/NLRP3. (H) The expression of IL-1β and IL-18 was examined in normal HCMs transfected 
with pcDNA3.1/NLRP3 using RT-qPCR. HCM: human cardiomyocytes; MI: myocardial infarction; NLRP3: NLR family pyrin domain 
containing 3; NLRP3: NLR family pyrin domain containing 3; RT-qPCR: reverse transcription quantitative polymerase chain rection;  
WB: western blot. **P < 0.01.
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was tested via RT-qPCR (Fig. 3C). The results from Fig. 3D, 
E demonstrated that the expression of NLRP3 was lessened 
by upregulated miR-223-3p in hypoxia HCMs and was 
promoted by miR-223-3p inhibitor in normal HCMs. 
Furthermore, in Ago2-RIP assay, large enrichment of 
NLRP3 and miR-223-3p was discovered in Ago2 groups 
(Fig. 3F). RNA pull-down experiments showed that NLRP3 
was only largely enriched in Biotin-miR-223-3p WT groups 
(Fig. 3G). In addition, we predicted a binding site between 
NLRP3 and miR-223-3p using starBase (http://starbase.
sysu.edu.cn) website (Fig. 3H). Luciferase reporter experi-
ments further confirmed that the luciferase activity remark-
ably declined in hypoxia HCMs co-transfected with 
miR-223-3p mimics and NLRP3 3′-UTR WT, while it 

increased in normal HCMs co-transfected with miR-223-3p 
inhibitor and NLRP3 3′-UTR WT (Fig. 3I). Totally, NLRP3 
was directly targeted by miR-223-3p.

MiR-223-3p is the Downstream Gene of 
ZNF561-AS1

We applied starBase and DIANA (http://diana.imis.athena-
innovation.gr/DianaTools/index.php) to screen out two 
lncRNAs (KCNQ1OT1 and ZNF561-AS1) that combined 
with miR-223-3p (Fig. 4A). As KCNQ1OT1 has been reported 
to act as a regulator in MI22, we selected ZNF561-AS1 for 
subsequent experiments. Based on RT-qPCR analysis, 
ZNF561-AS1 expression in infarct zone and border zone was 

Figure 2. Silencing of NLRP3 promotes proliferation and suppresses apoptosis of hypoxia-induced myocardial cells. (A) EdU assays 
testified the proliferation ability of hypoxia HCMs transfected with shRNAs targeting NLRP3 or of normal HCMs transfected with 
pcDNA3.1/NLRP3. (B, C) Flow cytometry and TUNEL assays examined the apoptosis rate of hypoxia HCMs transfected with shRNAs 
targeting NLRP3 or of normal HCMs transfected with pcDNA3.1/NLRP3. HCM: human cardiomyocytes; NLRP3: NLR family pyrin 
domain containing 3; shRNA: short hairpin RNA; DAPI: 4’,6-diamidino-2-phenylindole. **P < 0.01.

http://starbase.sysu.edu.cn
http://starbase.sysu.edu.cn
http://diana.imis.athena-innovation.gr/DianaTools/index.php
http://diana.imis.athena-innovation.gr/DianaTools/index.php
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Figure 3. NLRP3 is directly targeted by miR-223-3p. (A) Bioinformatics programs including RegRNA, miRTarBase, and TargetScan 
predicted miR-223-3p was the potential miRNA combining with NLRP3. (B) RT-qPCR examined miR-223-3p expression in normal and 
hypoxia HCMs. (C) MiR-223-3p expression was detected in hypoxia HCMs transfected with miR-223-3p mimics. (D, E) RT-qPCR and 
WB examined NLRP3 expression after miR-223-3p upregulation in hypoxia HCMs or after miR-223-3p inhibition in normal HCMs. 
(F) Ago2-RIP assay indicated the enrichment of NLRP3 and miR-223-3p in Ago2 groups. (G) RNA pull-down experiments showed the 
enrichment of NLRP3 in Biotin-miR-223-3p WT groups. (H) StarBase predicted the binding site between NLRP3 and miR-223-3p. (I) 
The affinity between NLRP3 and miR-223-3p was further investigated via luciferase reporter experiments. HCM: human cardiomyocytes; 
miRNA: microRNA; NLRP3: NLR family pyrin domain containing 3; RT-qPCR: reverse transcription polymerase chain reaction; WT: wild 
type. **P < 0.01.
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significantly elevated in MI mice hearts at 24 and 72 h com-
pared with that in sham-operated animals, while no obvious 
changes were discovered in ZNF561-AS1 expression in the 
remote zone (Supplementary Fig. 3D). RT-qPCR results also 
indicated that ZNF561-AS1 was overexpressed in hypoxia 
HCMs relative to normal HCMs (Fig. 4B). Then we silenced 
the expression of ZNF561-AS1 in hypoxia HCMs and found 
that NLRP3 expression also declined by ZNF561-AS1 
reduction in hypoxia HCMs (Fig. 4C). Furthermore, nuclear 
separation and FISH assays showed that ZNF561-AS1 mostly 
existed in the cytoplasm (Fig. 4D, E). The results of Ago2-
RIP assays manifested that ZNF561-AS1, miR-223-3p, and 
NLRP3 were definitely enriched in Ago2 groups, suggest-
ing these three RNAs co-existed in the RNA-induced silenc-
ing complex (RISC) (Fig. 4F). RNA pull-down experiments 

displayed large enrichment of ZNF561-AS1 only in Bio- 
miR-223-3p WT groups (Fig. 4G). In addition, we predicted a 
binding site between ZNF561-AS1 and miR-223-3p using 
starBase (Fig. 4H). The luciferase activity was lessened in 
hypoxia HCMs co-transfected with miR-223-3p mimics and 
ZNF561-AS1 WT, while it increased in normal HCMs co-
transfected with miR-223-3p inhibitor and ZNF561-AS1 WT 
(Fig. 4I). All these results evidenced that miR-223-3p was the 
downstream gene of ZNF561-AS1.

ZNF561-AS1 Regulates MI through  
miR-223-3p/NLRP3 Axis

To further verify the interaction between ZNF561-AS1  
and NLRP3 in cardiomyocytes, we performed rescue exper-

Figure 4. MiR-223-3p is the downstream gene of ZNF561-AS1. (A) StarBase and DIANA screened out two lncRNAs (KCNQ1OT1 and 
ZNF561-AS1) that combined with miR-223-3p. (B) RT-qPCR analysis indicated ZNF561-AS1 expression was overtly higher in hypoxia HCMs. 
(C) RT-qPCR detected the expression of ZNF561-AS1 in hypoxia HCMs transfected with shRNAs targeting ZNF561-AS1 and NLRP3 
expression was tested via RT-qPCR along with WB in hypoxia HCMs after ZNF561-AS1 was inhibited. (D, E) FISH and nuclear separation 
assays showed the location of ZNF561-AS1. (F) Ago2-RIP assays manifested the enrichment of ZNF561-AS1, miR-223-3p, and NLRP3 in 
Ago2 groups. (G) RNA pull-down experiments displayed the enrichment of ZNF561-AS1 in Bio-miR-223-3p WT groups. (H) The binding site 
between ZNF561-AS1 and miR-223-3p was observed using starBase. (I) Luciferase reporter assays were implemented for further validation of 
the affinity between miR-223-3p and ZNF561-AS1. FISH: fluorescence in situ hybridization; HCM: human cardiomyocytes; lncRNA: long  
non-coding RNAs; NLRP3: NLR family pyrin domain containing 3; RNA: ribonucleic acid; WB: Western blot; WT: wild type. **P < 0.01.
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iments. According to the results of CCK-8 assays,  
the enhanced viability of hypoxia HCMs, resulting from 
ZNF561-AS1 depletion, was recovered in response to 
NLRP3 upregulation (Supplementary Fig. 3E). As shown in 
Fig. 5A, it was revealed in EdU assay that silenced 
ZNF561-AS1 promoted cell proliferation of hypoxia HCMs, 
while NLRP3 upregulation reversed this status. Moreover, 
the results from flow cytometry and TUNEL assays showed 
that the apoptosis rate was inhibited by ZNF561-AS1 knock-
down and then enhanced by NLRP3 overexpression (Fig. 

5B, C). Meanwhile, the expression of cleaved caspase-3, 
Bcl-2, and Bax in hypoxia HCMs was also examined 
through WB. The result indicated that the transfection of sh-
ZNF561-AS1 led to a decline in Bax and cleaved caspase-3 
expression, which was rescued as a result of pcDNA3.1/
NLRP3 transfection, while the augment in Bcl-2 level 
caused by ZNF561-AS1 silence was reversed in response to 
NLRP3 upregulation (Supplementary Fig. 3F). Totally, 
ZNF561-AS1 regulated cell proliferation and apoptosis in 
MI through miR-223-3p/NLRP3 axis.

Figure 5. ZNF561-AS1 regulates hypoxia HCM proliferation and apoptosis through miR-223-3p/NLRP3 axis. (A) EdU assay examined 
cell proliferation of hypoxia HCMs transfected with sh-ZNF561-AS1#1 or sh-ZNF561-AS1#1+pcDNA3.1/NLRP3. (B, C) Flow cytometry 
and TUNEL assays detected the apoptosis rate of hypoxia HCMs transfected with sh-ZNF561-AS1#1 or sh-ZNF561-AS1#1+pcDNA3.1/
NLRP3. HCM: human cardiomyocytes; NLRP3: NLR family pyrin domain containing 3; DAPI: 4’,6-diamidino-2-phenylindole. **P < 0.01.
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Discussion

Accumulating studies have shown the important roles of 
lncRNAs in the progression of cardiovascular diseases. 
LncRNA CAIF-p53-myocardin axis reduces autophagy and 
MI23. Knockdown of lncRNA KCNQ1OT1 protects against 
myocardial ischemia/reperfusion injury following acute MI 
through regulating AdipoR1 and p38 MAPK/NF-κB signal 
pathway24. Downregulation of lncRNA MALAT1 negatively 
modulates acute MI via miR-320/Pten axis25. In our study, 
we focused on investigating the role of a novel lncRNA 
ZNF561-AS1 in regulating the activities of hypoxia-induced 
myocardial cells.

It has been claimed that IL-1β and IL-18 are inflamma-
tory cytokines implicated in the activation of NLRP3 inflam-
masome in MI26,27. Accordingly, our research examined that 
the expression of NLRP3, IL-1β, and IL-18 was significantly 
increased in infarct and border zones of MI mice heart at 24 
and 72 h compared with that in sham-operated models. Then 
we performed cell function assays and confirmed that the 
knockdown of NLRP3 facilitated cell proliferation and 
inhibited apoptosis of hypoxia-induced myocardial cells. 
Thus, we speculated whether NLRP3 was regulated by 
lncRNA in hypoxia-induced myocardial cells.

It is well known that lncRNAs could modulate mRNA 
expression through functioning as competing endogenous 
RNAs (ceRNAs) by sequestering miRNA. As reported previ-
ously, miRNAs serve as biomarkers which are implicated in 
the cardiovascular diseases. FGF21 protects myocardial isch-
emia-reperfusion injury through regulating miR-145 to inhibit 
Angpt2 expression28. Upregulated miRNA-221 negatively 
affects hypoxia/reoxygenation in association with autophagy 
via the DDIT4/mTORC1 and Tp53inp1/p62 pathways29. 
MiR-128/SOX7 regulates IL-33/sST2 signaling pathway to 
alleviate myocardial ischemia injury in acute MI30. In our 
study, we applied several bioinformatics programs and found 
that miR-223-3p combined with NLRP3. Consistently, miR-
223-3p has once been reported to participate in the development 
of cardiovascular diseases. Specifically, miR-223 inhibition 
affects cardiac functional deterioration and cardiac fibrosis 
through regulating RASA119. MiR-223-3p/KLF15 improves 
hypoxia-induced injury through inhibiting cardiomyocyte 
apoptosis and oxidative stress31. In addition, we further per-
formed luciferase reporter assays to confirm that NLRP3 was 
the target gene of miR-223-3p. Therefore, we continued to 
investigate the upstream gene of miR-223-3p.

According to the above analyses, based on bioinformatics 
prediction, ZNF561-AS1 was screened out as the under-
lying lncRNA that combined with miR-223-3p. And the 
expression of ZNF561-AS1 was notably upregulated in 
hypoxia-induced myocardial cell. Furthermore, we also 
found a binding site between ZNF561-AS1 and miR-223-3p. 
More importantly, we conducted a series of rescue experiments 
to further validate ZNF561-AS1 inhibited cell proliferation 
and promoted apoptosis of hypoxia-induced myocardial 
cells through regulating NLRP3 expression.

In conclusion, our study investigated the mechanism 
about ZNF561-AS1/miR-223-3p/NLRP3 axis in the research 
of cell biological behaviors in MI. Our research might pro-
vide a novel molecular target to prevent myocardial cells 
from hypoxia-induced apoptosis.
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