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Background: Myocardial ischaemia/reperfusion (I/R) injury is still a major challenge in clinical treatment. The role of long non-coding RNA (lncRNA) in the regulation of myocardial I/R injury still needs to be elucidated.
Methods: The primary isolated neonatal mousse cardiomyocytes and adult mice were used to construct a myocardial ischemia-reperfusion model. qRT-PCR is used to verify gene expression in myocardial tissue and myocardial cells. The effect of AK035396 in primary cardiomyocytes and mouse myocardium was confirmed by TUNEL staining and in vitro flow cytometry experiments. RNA pulldown and Western blot were used to identify AK035396 interacting proteins. The expression of apoptosis-related proteins was identified by qRT-PCR and Western blot.
Results: In vivo and in vitro MIRI models, AK035396 was up-regulated after myocardial infarction. Functional studies have shown that knockdown of AK035396 reduces the apoptosis of primary cardiomyocytes and mouse myocardial tissue. AK035396 directly interacts with Mterf1 and inhibits the level of Mterf1. Further experiments have shown that inhibiting Mterf1 will promote the expression of mitochondrial genes COXII and CYTb and cause cell apoptosis.
Conclusion: AK035396 plays an important role in myocardial ischaemia-reperfusion injury by regulating the Mterf1-COXII/CYTb pathway.
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INTRODUCTION
Acute myocardial infarction (AMI), which is caused by coronary stenosis or acute arterial occlusion, has a very high mortality and disability rate. Reperfusion therapy is currently one of the most important methods for curing patients with acute myocardial infarction (Zidan et al., 2016; Reed et al., 2017). However, reperfusion therapy may cause ischaemia-reperfusion injury, in which apoptosis plays a crucial role, although its exact mechanism is still unclear.
Long noncoding RNAs (lncRNAs) are transcribed RNA molecules >200 nucleotides in length that lack a specific open reading frame and have no significant protein-coding potential; however, lncRNAs play important roles in the life cycle, proliferation, migration and metabolism of cells (Wei and Wang, 2017; Zhao et al., 2018; Qian et al., 2019). Therefore, lncRNAs are very likely to play important roles in I/R. After preliminary experiments, we found that the long noncoding RNA AK035396 was significantly increased in the experimental group. In addition, bioinformatics analysis indicated that AK035396 may be associated with Mterf1 (mitochondrial transcription termination Factor 1).
In-depth study of mitochondrial gene transcription mechanisms and mitochondrial diseases has shown that Mterf1, which plays an important regulatory role in mitochondria, is of great importance. Mterf1 is composed of 343 amino acid residues and contains two independent DNA binding regions and three leucine zippers. This factor is present in the form of monomers on MtDNA and plays a functional role (Fernandez-Silva et al., 1997; Terzioglu et al., 2013; Chen et al., 2014). MtDNA has a 28 BP sequence at the junction of the 16S rRNA coding gene and tRNALeu (UUR) coding gene. Mterf1 can bind at this site, which can significantly reduce the affinity of RNA polymerase for the transcription template and terminate H-strand transcription in advance (Martin et al., 2005; Asin-Cayuela and Gustafsson, 2007; Terzioglu et al., 2013; Falkenberg, 2018; Hillen et al., 2018).
Apoptosis is a highly regulated cell death process that is involved in a variety of biological processes, such as cancer, development, and ischaemic diseases (Domingos and Steller, 2007; Wong, 2011; Li and Liu, 2018). There are many intrinsic signalling pathways that initiate apoptosis, and apoptosis initiated by the mitochondrial pathway is important (Li and Liu, 2018). COXII and CYTb are two important proteins associated with mitochondrial apoptosis (Shi et al., 2015; Wang et al., 2016). These factors are transcribed in mitochondria and released into the cytoplasm to induce apoptosis.
This study shows that AK035396 plays a key role in regulating I/R-induced cardiomyocyte apoptosis and elucidates its regulatory role in the AK035396/Mterf1/COXII/CYTb axis. Therefore, these results provide new insights into cardiomyocyte apoptosis during I/R.
MATERIALS AND METHODS
Experimental Animals and I/R Models
Male C57BL/6 mice (6–8 weeks old) were purchased from Beijing Weitong Lihua. All mice were randomly divided into four groups (6 mice per group): NC (sham operation) group, I/R (ischaemia reperfusion) group, I/R + Scramble, and I/R + AK035396 shRNA. The experimental protocols were approved by the Medical Research Ethics Committee of Guangdong Provincial People’s Hospital and were implemented in accordance with the National Institutes of Health’s “Laboratory Animal Care and Use Guidelines”. The mice had unlimited access to water and food before the experiment. Before modelling, we anaesthetized the mice by injecting 0.15% Pentobarbital and fixed the mice via tracheal intubation with a small animal respirator. Next, we made a longitudinal incision from the third to fourth ribs to expose the heart. Then, a 5–0 Proline suture (2 cm) was placed around the root of the left anterior descending coronary artery (LAD). After 30 min of occlusion, the sutures were released, and the LAD was perfused for an additional 120 min.
Isolation of Primary Cardiomyocytes
Primary cardiomyocytes (CMs) from the mouse neonatal heart were isolated. In short, 1–3-day-old new-born mice were sacrificed by decapitation. The ventricle was immediately excised and digested in ice-cold PBS (Ca 2+ and Mg 2 + free) with 0.125% trypsin and 0.05% type I collagenase (Thermo Fisher Scientific Inc.) solutions. To enrich CMs, the cells were preseeded for 1.5 h to remove nonmuscle cells. CMs were cultured on collagen-coated tissue culture dishes in cardiomyocyte culture medium (CMM, ScienCell Research Laboratories Inc.) containing 10% FBS. All cells were kept in a 37°C, 5% CO2 incubator. CMs in the I/R group was exposed to hypoxia for 30 min, followed by reoxygenation for 4 h to establish an ischemia-reperfusion model.
Quantitative Real-Time PCR
TRIzol™ reagent (Invitrogen, Carlsbad, CA, United States) was used to isolate total RNA. Two micrograms of total RNA was used for reverse transcription using the PrimeScript® first Strand Synthesis Kit (TaKaRa, Tokyo, Japan). Real-time RT–qPCR was performed using a QuantiTect SYBR® Green RT–PCR kit (QIAGEN, Düsseldorf, Germany). The primer sequences for RT–qPCR are shown in Table 1. GAPDH was used for standardization. The relative expression of the lncRNA AK035396, Mterf1, Caspase3, Caspase9, COX II, and CYTb was determined by the 2−ΔΔCt method.
TABLE 1 | Primers for qRT-PCR.
[image: Table 1]Construction of shRNA-AK035396 Lentiviral Vectors
Specific short hairpin RNAs and scrambled oligonucleotides of murine AK035396 were synthesized by GenePharma (Shanghai, China). Then, 20 μg of AK035396 shRNA or scrambled shRNA was inserted into the BLOCK-iT™ Lentiviral RNAi Expression System (Invitrogen). Briefly, 293T cells (Thermo Fisher, Shanghai, China) were cotransfected with lentiviral vectors and packaging vectors. The supernatant was collected after 48 and 72 h. The viral supernatant was concentrated with lentivirus concentration reagent (Biomiga, CA, United States). High-titre virus (1 × 109 PFU/ml) was resuspended in PBS. The animals were anaesthetized with 2% isoflurane, and an incision was made between the left fourth and fifth ribs to expose the heart. A 30-gauge needle was used to inject 10 μl of concentrated lentivirus and AK035396 shRNA into the apex and anterior wall of the heart. The other group of mice was injected with 10 μl of lentiviral hybrid shRNA and used as the Scramble group.
TUNEL Staining
After the adult mice were reperfused, the heart was quickly excised and cut into 5 μm-thick sections, while neonatal mouse cardiomyocytes were used to prepare cell slides, which were permeabilized with 2% Triton-x-100. Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) was used to evaluate cardiomyocyte apoptosis in heart slices and cell slides. The TUNEL mixture contained 50 μl of enzyme solution and 450 μl of labelling solution. Heart slices were incubated with 50 μl of the TUNEL mixture at 37°C for 1 h. The sections were washed three times in phosphate-buffered saline (PBS) and stained with DAPI. After being washed 3 times with PBS, the sections were observed under a fluorescence microscope. The apoptotic ratio is the number of apoptotic cells (green)/total number of cells (blue) × 100%.
Western Blot Analysis
RIPA lysis buffer (Beyotime, Shanghai, China) was used to obtain total proteins, 100 μg of which was separated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride (PVDF) membrane. TBST containing 5% skimmed milk was added to the membrane and incubated for 1 h. Then, the membrane was incubated with primary antibodies, including anti-Mterf1 (Sigma–Aldrich), anti-COXII (Abcam), anti-CYTb (Abcam), and anti-GAPDH (Abcam), overnight at 4°C. After the membrane was washed 3 times in TBST, the membrane was incubated with anti-rabbit IgG H and L (HRP) secondary antibodies (ab6721, 1:2000, Abcam) at room temperature for 1.5 h.
Pull Down Assay
A total of 1 × 107 mouse primary cardiomyocytes were harvested, lysed and sonicated. The AK035396 probe was added and incubated with C-1 magnetic beads (Life Technologies) at 25°C for 2 h to generate probe-coated beads. Cell lysates were incubated with the AK035396 probe or oligo probe at 4°C overnight. After being washed with wash buffer, the RNA mix bound to the beads was eluted and extracted with an RNeasy Mini Kit (QIAGEN) for RT–PCR or real-time PCR analysis.
Apoptosis Assay
Apoptosis was determined by the translocation of phosphatidylserine to the cell surface using an Annexin V Alexa Fluor647/PI/apoptosis detection kit (Si Zhengbai. Co. Ltd., China). Primary neonatal mouse cardiomyocytes with stable knockdown of lncRNA AK035396 and their negative control cells were harvested, washed twice with cold PBS, and then resuspended in Annexin V-647/PI for 10 min in the dark. Cell apoptosis was analysed by using Cell Quest software on a FACSAria flow cytometer (BD Company, United States). Fluorescence was detected at an excitation wavelength of 647 nm.
Statistical Analysis
The data were analysed by SPSS 17.0 statistical analysis software (SPSS Inc., Chicago, Illinois, United States) and are expressed as the mean ± standard deviation (m ± SD). Statistically significant differences between groups were determined by ANOVA. Two-tailed Student’s t-tests were used to evaluate the differences between the groups and their respective controls. p < 0.05 was considered to be significant.
RESULTS
AK035396 is Upregulated in Myocardial Ischaemia-Reperfusion
First, we established a myocardial ischaemia-reperfusion model in neonatal mouse primary cardiomyocytes to determine the effect of AK035396 on myocardial ischaemia-reperfusion. To verify the expression of AK035396 in the ischaemia-reperfusion model, we isolated neonatal mouse cardiomyocytes in vitro (Figure 1A) and exposed the cells to hypoxia at 37°C for 30 min, followed by reoxygenation for 4 h. Compared with that in the control group, the apoptosis rate in the I/R group was significantly increased. Furthermore, we established a mouse myocardial infarction reperfusion model. ECG and analysis of the myocardial enzymes CK-MB and LDH showed that the mouse myocardial infarction model was successfully established (Figures 1B–D). After 30 min of ligation of the left anterior descending branch, perfusion was restored for 2 h to establish the I/R model. These results indicate that we successfully established an ischaemia-reperfusion model. Then, we verified the expression of AK035396 in cardiomyocytes by qRT–PCR, and the results showed that AK035396 was significantly upregulated in the I/R group (Figure 1E). Furthermore, we examined the changes in AK035396 in mice. By constructing a mouse myocardial ischaemia-reperfusion model, we found that the expression of AK035396 in the I/R group increased (Figure 1E), which was consistent with the in vitro results.
[image: Figure 1]FIGURE 1 | The expression of AK035396 in the ischaemia-reperfusion model (A) Primary murine cardiomyocytes were isolated, and the purity of the cells was evaluated with α-Actin (Blue, DAPI) (Green, α-Actin). (B) Electrocardiogram of the mouse myocardial infarction model. The arrow indicates abnormal T waves. (C) Myocardial changes before and after myocardial infarction modelling in mice. (D) ELISA results showing that CK-MB and LDH were increased in mice with myocardial infarction. (E) After the hypoxia-reperfusion model was established in primary cardiomyocytes (left) and mice (right), the expression of AK035396 was measured by qRT–PCR.
Identification and Characterization of AK035396
Based on the UCSC Genome Browser, we found that AK035396 is located on murine chromosome 12D2 and composed of nine exons, as annotated by Ensembl RefSeq (exon 1, 55 bp; exon 2, 9 bp; exon 3, 50 bp; exon 4, 104 bp; exon 5, 253 bp; exon 6, 292 bp; exon 7, 4 bp; exon 8, 53 bp; exon 9, 21 bp) (Figure 2A). Based on the Sanger sequencing results, the full-length AK035396 transcript was found to be 1,841 nt (Figure 2B). However, the ORF finder from NCBI2 failed to predict a protein based on the AK035396 sequence, as determined by RACE (Figure 2C). The CPAT database also showed that AK035396 had limited protein-coding potential (coding probability = 0.085279556) (Figure 2D).
[image: Figure 2]FIGURE 2 | Identification and characterization of AK035396. (A) Schematic diagram of AK035396 from Ensembl RefSeq and RACE. Blue boxes: exons annotated by NCBI RefSeq. Blue lines: introns. The arrows on the blue lines indicate transcriptional directions. (B) The full-length sequence of the AK035396 transcript. (C, D) ORF finder software (C) and CPAT software. (D) Prediction of the protein-coding potential of AK035396.
AK035396 Promotes Myocardial Cell Apoptosis During Myocardial I/R
To explore the role of AK035396 in myocardial ischaemia-reperfusion, we used small interfering RNA (siRNA) to modify primary mouse cardiomyocytes and inhibit the expression of AK035396 (Figure 3A). The qRT–PCR results showed that compared with that the NC group, the expression of AK035396 in siRNA-transfected cells was significantly reduced. TUNEL staining showed that myocardial ischaemia-reperfusion could induce cardiomyocyte apoptosis, and inhibiting AK035396 could reverse cardiomyocyte apoptosis (Figure 3B). In addition, flow cytometry showed that apoptosis in the I/R group was significantly increased, and after knocking down AK035396, apoptosis in the I/R group was reduced (Figure 3C). Caspase3 and caspase9 are classic proteins in the apoptosis signalling pathway. These proteins were significantly upregulated in the I/R group. After interference with AK035396, the expression of both decreased, indicating that inhibiting AK035396 could reduce apoptosis (Figure 3D). Furthermore, we established a mouse ischaemia-reperfusion model and examined apoptosis in myocardial tissue by TUNEL staining. Consistent with the results in primary cardiomyocytes from neonatal mice, myocardial apoptosis in the I/R group was higher than that in the sham operation group, while myocardial apoptosis was significantly reduced in mice with shRNA-mediated AK035396 knockdown (Figure 3E). Overall, these results indicate that the overexpression of AK035396 during ischaemia-reperfusion exacerbates the apoptosis of cardiomyocytes.
[image: Figure 3]FIGURE 3 | Effect of AK035396 on apoptosis after myocardial ischaemia reperfusion. Primary cardiomyocytes were divided into four groups: NC, I/R, I/R + Scramble and I/R + AK035396 siRNA. C57BL/6 mice were divided into four groups: NC, I/R, I/R + Scramble and I/R + AK035396 shRNA. A TUNEL apoptosis detection kit was used to measure apoptosis in each group. (A) The knockdown efficiency of AK035396 siRNA was determined by qRT–PCR. (B) Primary cardiomyocyte apoptosis was measured by TUNEL staining (green). The nucleus was counterstained with 4′,6-diamidino-2-phenylindole (DAPI, blue). (C) Flow cytometry was used to measure apoptosis in primary cardiomyocytes. (D) Apoptosis in mouse myocardial was determined by TUNEL staining (green). The nucleus was counterstained with 4′,6-diamidino-2-phenylindole (DAPI, blue). NC: Normal control; I/R: Ischaemia reperfusion. (E) The expression of caspase3 and caspase9 was measured by qRT–PCR.
AK035396 Regulates Mitochondrial-Mediated Apoptosis by Regulating Mterf1
To further explore the mechanism by which AK035396 regulates apoptosis, we conducted RNA pulldown assays for AK035396 and found that AK035396 could specifically bind to the mitochondrial transcription termination factor Mterf1 (Figures 4A,B). We hypothesize that AK035396 may promote apoptosis by regulating the transcription of mitochondrial apoptosis-related genes. First, we first proved that AK035396 could regulate Mterf1. We verified the expression of Mterf1 in primary cardiomyocytes from neonatal rats by qRT–PCR and found that in the I/R group, the expression of Mterf1 was significantly downregulated, but after AK035396 was knocked down, the expression of Mterf1 increased (Figure 4C). Similarly, WB analysis showed the same results (Figure 4C). Subsequently, we verified the expression of the apoptosis-related proteins COXII and CYTb in mitochondria. The results showed that the expression of COXII and CYTb was upregulated after ischaemia-reperfusion. When AK035396 was knocked down, the expression of COXII and CYTb decreased significantly (Figures 4D,E). WB analysis showed the same results (Figure 4F). Overall, these results indicate that AK035396 inhibits the function of Mterf1 by binding to Mterf1 and further promotes the expression of mitochondrial COXII and CYTb, leading to apoptosis.
[image: Figure 4]FIGURE 4 | The effect of AK035396 on the expression of mitochondrial genes and target genes. Mice and primary cardiomyocytes were used to establish I/R models. (A–B) RNA pull-down and Western blot analyses showing that AK035396 binds to Mterf1. (C) The expression level of Mterf1 in the NC, I/R, I/R + Scramble and I/R + AK035396 siRNA groups were determined by qRT-PCR(up) and the expression of Mterf1 in the I/R group [AK035396+/+ (A) and AK035396−/−(B)] were determined by Western blotting (down). (D–E) Expression levels of CoxII and CYTb in the NC, I/R, I/R + Scramble and I/R + AK035396 siRNA groups. (F) The expression of CoxII and CYTb in the I/R group [AK035396+/+ (A) and AK035396−/−(B)] was determined by Western blotting.
DISCUSSION
Ischaemia-reperfusion injury is an important factor that affects the prognosis of myocardial infarction (Hausenloy and Yellon, 2013). Apoptosis is an important characteristic of myocardial reperfusion injury. Therefore, it is necessary to find an effective molecular mechanism to improve myocardial cell apoptosis after ischaemia-reperfusion. The current study shows that lncRNAs are important molecules that regulate I/R in vascular organs (Zeng et al., 2019; Hu et al., 2020; Su et al., 2021). Knockdown of lncRNA AK139328 can reduce myocardial ischemia/reperfusion injury in diabetic mice (Yu et al., 2018). LncRNA MALAT1 regulates cerebral ischemia-reperfusion injury through miR-145 (Wang et al., 2020). Therefore, it is very important to clarify the biological function of lncRNAs in myocardial I/R in clinical practice to improve myocardial ischaemia-reperfusion injury. Previous studies did not prove that AK035396 is related to MIRI. We report that the regulatory role of lncRNA AK035396 in cardiomyocytes is significant for apoptosis after hypoxia/reperfusion injury. We found that knocking down AK035396 can inhibit the apoptosis of primary cardiomyocytes in I/R mice.
The role of lncRNA in organisms is indirect. It usually regulates another key factor before, during or after transcription, and further regulates the downstream function of this factor (Dykes and Emanueli, 2017). The sponge action of lncRNA and MicroRNA is a classic mode of action (Ballantyne et al., 2016; Huang, 2018). LncRNA competes with the target mRNA of miRNA in a base complementary pairing manner to reduce the content of free miRNA, thereby realizing the regulation of target mRNA. At the same time, after lncRNA binds to miRNA, it also as a target gene of miRNA, miRNA reduces the stability of lncRNA and promotes its degradation. Our results show that lncRNA AK035396 does not competitively bind to microRNA. It may regulate post-transcription and bind to mitochondrial transcription termination factors, causing Mterf1 to fail to terminate the transcription of mitochondrial genes.
Current studies have shown that the antioxidant capacity of cardiomyocytes is further reduced during ischaemia-reperfusion, and cardiomyocytes are more sensitive to reactive oxygen species than other cell types (Wu et al., 2018). The important respiratory chain protein cytochrome c oxidase family (COX) is the terminal enzyme in the mitochondrial oxidative respiratory chain, which has important functions in electron transfer and plays a critical role in oxidative metabolism, oxidation and phosphorylation in cells. The transcription of cytochrome coxidase may lead to low levels of ribose and nucleic acid production, resulting in impaired mitochondrial energy production and insufficient ATP production for respiration, leading to apoptosis (Kalpage et al., 2019).
In this study, myocardial ischaemia-reperfusion injury models were established in vivo and in vitro. The results showed that after siRNA-mediated downregulation of AK035396 in cardiomyocytes, the expression of Mterf1 was upregulated. The RNA pulldown results further confirmed that AK035396 and Mterf1 played a posttranscriptional regulatory roles. The effects of lncRNAs as regulatory factors have been confirmed in a large number of studies. Therefore, lncRNAs are considered to be important molecular functional frameworks. Through the discrete domains of secondary structures, lncRNAs can regulate the functions of different proteins, thereby improving the interactions between proteins. Since many lncRNAs are folded, transcriptional differences in exons can change the function of the carrier protein and target protein complex. lncRNAs can also act as molecular guides, acting on their neighbouring genes in a cis manner or through RNA-DNA, RNA-RNA and RNA-protein interactions to remotely affect gene translocation and guide modified protein complexes. In this study, AK035396 and Mterf1 were shown to belong to the RNA-protein regulation category. In cardiomyocytes with AK035396 downregulation, Mterf1 was no longer affected by AK035396 due to artificial knockout of the influencing factor AK035396, and the expression level of Mterf1 increased. Mterf1 can specifically bind to the 28 bp sequence after the 16S rRNA gene in mitochondrial DNA before the tRNALeu (UUR) gene, inhibiting heavy chain transcription and causing early termination. Therefore, the expression levels of several key oxidative respiration enzymes after the mitochondrial body chain are also reduced, including the apoptosis-related proteins COXII and CYTb.
CONCLUSION
In conclusion, our research shows that the AK035396/Mterf1/COXII/CYTb axis is involved in the modulation of apoptosis in myocardial I/R (Figure 5). These findings provide the first evidence that AK035396 regulates cardiomyocyte apoptosis through mitochondrial-related pathways during myocardial I/R. Therefore, this study shows that AK035396 may be a key regulator of myocardial I/R, and inhibiting the expression of AK035396 may be a potential therapeutic strategy for myocardial I/R.
[image: Figure 5]FIGURE 5 | AK035396 induced myocardial apoptosis by competitively inhibiting Mterf1 and promoting the expression of mitochondrial apoptosis-related proteins COX II and CYTb after ischemia-reperfusion.
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