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Introduction: Atherosclerosis (AS) is a common cardiovascular disease with a high incidence rate and mortality. Endothelial cell injury and dysfunction are early markers of AS. Oxidative low-density lipoprotein (Ox-LDL) is a key risk factor for the development of AS. Ox-LDL promotes endothelial cell apoptosis and induces inflammation and oxidative stress in endothelial cells. Small non-coding RNAs (sncRNAs) mainly include Piwi-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), microRNAs (miRNAs) and repeat-associated RNAs. Studies have shown that small non-coding RNAs play an increasingly important role in diseases.

Methods: We used ox-LDL to treat rat endothelial cells to simulate endothelial cell injury. The expression changes of sncRNA were analyzed by small RNA high-throughput sequencing, and the expression changes of piRNA, snoRNA, snRNA, miRNA and repeat-associated RNA were verified by quantitative polymerase chain reaction (qPCR).

Results: Small RNA sequencing showed that 42 piRNAs were upregulated and 38 piRNAs were downregulated in endothelial cells treated with ox-LDL. PiRNA DQ614630 promoted the apoptosis of endothelial cells. The snoRNA analysis results showed that 80 snoRNAs were upregulated and 68 snoRNAs were downregulated in endothelial cells with ox-LDL treatment, and snoRNA ENSRNOT00000079032.1 inhibited the apoptosis of endothelial cells. For snRNA, we found that 20 snRNAs were upregulated and 26 snRNAs were downregulated in endothelial cells with ox-LDL treatment, and snRNA ENSRNOT00000081005.1 increased the apoptosis of endothelial cells. Analysis of miRNAs indicated that 106 miRNAs were upregulated and 91 miRNAs were downregulated in endothelial cells with ox-LDL treatment, and miRNA rno-novel-136-mature promoted the apoptosis of endothelial cells. The repeat RNA analysis results showed that 4 repeat RNAs were upregulated and 6 repeat RNAs were downregulated in endothelial cells treated with ox-LDL.

Discussion: This study first reported the expression changes of sncRNAs in endothelial cells with ox-LDL treatment, which provided new markers for the diagnosis and treatment of endothelial cell injury.
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Introduction

Atherosclerosis (AS) is a common cardiovascular disease with a high incidence rate and mortality (1, 2). It is the main cause of coronary heart disease, myocardial infarction and peripheral vascular disease. Endothelial cells play an important role in maintaining the dynamic balance of the vascular system (3). Their injury and dysfunction are early markers of AS. Stimulated by hypertension, hyperlipidemia and other factors, the adhesion molecules expressed by endothelial cells can promote the local accumulation of oxidized low-density lipoprotein (ox-LDL), induce a proinflammatory response, oxidative stress and endothelial cell apoptosis, and finally lead to the formation of plaques (4, 5). Elucidating the molecular mechanism of ox-LDL-mediated apoptosis of vascular endothelial cells (VECs) is of great significance to develop effective treatment methods for AS.

After LDL enters VECs, it combines with reactive oxygen species in cells to form ox-LDL (6). Ox-LDL causes damage to the structure and function of VECs, resulting in abnormal apoptosis of VECs (7). It can act as an apoptosis-inducing signal on the mitochondrial membrane, increase the permeability of the mitochondrial membrane, release the apoptosis promoter in mitochondria into the cytoplasm, improve the expression of the apoptosis-promoting gene Bax in cells, and activate the apoptosis initiating protease caspase-9, activating the downstream apoptotic effector protease caspase-3 through a cascade reaction, which acts on the cytoskeleton, resulting in apoptosis changes such as loss of DNA repair function and activation of endonuclease (8, 9). Ox-LDL passes through the gap between VECs to the subintima and combines with extracellular reactive oxygen species to form ox-LDL. At the same time, monocytes migrate through VECs to the subintima under the action of excessive inflammatory factors and are stimulated to turn into macrophages. The protective phagocytosis of macrophages makes the ox-LDL under the phagocytosis intima turn into foam cells, and the foam cells accumulate under the intima of the tube wall to form early lipid stripes of AS lesions (10–14). Therefore, elucidating the molecular mechanism of ox-LDL-mediated dysfunction of VECs is of great significance to develop effective treatment methods for AS.

Small non-coding RNAs (sncRNAs) mainly include Piwi-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), microRNAs (miRNAs) and repeat-associated RNAs (15). PiRNA is a type of small RNA with a length of approximately 30 nucleotides isolated from mammalian germ cells, and piRNA can play its regulatory role only when combined with members of the piwi protein family (16). The effect of piRNA on the growth and development of germ cells is regulated by gene silencing caused by the piwi piRNA complex (17). However, because research on piRNAs is still in the primary stage, some specific functions and biogenesis of piRNAs are still being studied. SnoRNA is a type of non-coding RNA with a length of 60-300 nucleotides that widely exists in eukaryotic cells (18). It is responsible for the post-transcriptional modification of other non-coding RNAs. SnoRNA can combine with specific proteins to form complexes to exist stably in cells. The main function of snoRNA is to guide the 2′-O-Ribose-Methylation and pseudouridylation modification of rRNA (19). SnRNA is a small molecule RNA containing approximately 50–200 nucleotides in the eukaryotic nucleus (20). The small ribonucleosome (snRNP) formed by its binding with related proteins mainly plays an important role in processing RNA precursors and removing excess fragments (such as introns). To date, miRNAs have been studied for more than 20 years, and their function involves the occurrence of a variety of diseases. Traditionally, miRNA plays a negative regulatory role in the cytoplasm by binding to the target gene 3′-UTR to inhibit the translation or degradation of mRNA. Studies have shown that sncRNA plays an increasingly important role in epigenetic regulation and is involved in the regulation of gene expression at many levels, such as gene transcription, post gene transcription and mRNA translation (21, 22). They are closely related to the diagnosis, treatment and prognosis of many human diseases (23–25). However, even though several reports have studied the role of miRNA in ox-LDL-induced endothelial injury (26, 27), until now, no investigation of piRNA, snoRNA, snRNA and repeat-associated RNA has been reported.

In this study, we used small RNA sequencing and quantitative polymerase chain reaction (qPCR) to analyze the effect of ox-LDL on the expression of sncRNAs in VECs and identified sncRNAs related to ox-LDL-induced VEC dysfunction, thus providing a new therapeutic target for the diagnosis and treatment of AS.



Materials and methods


Isolation and culture of rat aortic endothelial cells

The rats were killed after cervical dislocation, and the whole rats were soaked in 75% ethanol for disinfection. The chests were opened, and the aortas were dissected in sterile PBS. After excision of the fat and fibrous tissue of the vascular adventitia, the aortas were rinsed with PBS to remove the blood and coagulation in the vascular cavity. The aortas were then dissected into 1 mm3 arterial implants with a very sharp scalpel and planted in a culture dish. The intimal surfaces of the arterial grafts were contacted with the bottom of the culture dish, and the planting density was approximately 1 piece/cm2. The culture dish was placed in the incubator for 2 h. Culture medium containing 25% fetal bovine serum was added from the top of the tissue to slightly cover the intimal surface of arterial grafts. The plate was transferred into an incubator for 24 h, and after 24 h, the culture medium was changed. On the 3rd day, the endothelial cells were fully grown, and fibroblasts were just about to grow. Then, the arterial grafts were gently removed, and the culture medium was changed every 2 days.



Ox-LDL treatment

The vascular endothelial cells were inoculated into the culture plate, 2 ml of medium containing 100 μg/ml ox-LDL was added to the culture plate for 12 h, and the cell samples were collected after 12 h of culture.



RNA extraction

The lysed sample was placed at room temperature for 10 min to completely separate the nucleoprotein from the nucleic acid. Chloroform (0.2 ml) was added to the lysed sample, and the mixture was violently shaken for 15 s and placed at room temperature for 3 min. Then, the mixture was centrifuged at 12,000 rpm, 4°C, for 10 min. The upper aqueous phase was collected and mixed with an equal volume of isopropanol. The mixture was placed at room temperature for 20 min and then centrifuged at 12,000 rpm, 4°C, for 10 min. The supernatant was discarded, and 1 ml of 75% ethanol was added to wash the precipitate. RNA was purified after centrifugation at 12,000 rpm and 4°C for 3 min. Purified RNA was eluted in 30–50 μl of RNase-free ddH2O.



Small RNA sequencing

A Qubit RNA detection kit was used to accurately quantify total RNA to determine the amount of total RNA added to the library construction. The 3′ end of RNA was connected to the connector with T4 RNA ligase 2. The 5′ end of RNA was connected to the connector with T4 RNA ligase 1. The connecting product was reverse-transcribed to obtain the cDNA strand of the connecting product. In this step, the small RNA library was reverse-transcribed into DNA. The reverse transcription product was amplified by PCR to obtain the final library product. The NextSeq 550 (Illumina) system was used for sequencing analysis. Raw reads were obtained after sequencing and then filtered, spliced and decontaminated to obtain clean reads, which were compared with the reference genome for subsequent information analysis. The data were removed with the original program. Clean data were obtained by removing low-quality sequences using the trimmatic program. The FastQC program was used to count the data volume of clean data. Fragments larger than 15 nucleotides were retained for subsequent analysis. The Bowtie program was used to compare clean data to the non-coding RNA database and genome. The edgeR program was used to analyze the differences in non-coding RNA expression. The databases used in this study were list as follow: PiRNABANK (piRNA), miRbase (miRNA) and Ensembl database (snoRNA and snRNA). As for repeat RNA were analyzed by RepeatMasker. The differentially expressed small RNAs are listed in Supplementary Table 1.



qPCR

Total RNA was extracted from vascular endothelial cells by TRIzol. The EZ-press microRNA Reverse Transcription Kit was used for miRNA and piRNA reverse transcription. PrimeScript RT Master Mix was used for snoRNA and snRNA reverse transcription. SYBR Premix Ex Taq was used to detect the expression of sncRNA in VECs. U6 was used as the internal control. The relative expression of sncRNA was calculated by the 2–ΔΔCt method. The primers used are listed in Supplementary Table 2.



SncRNA overexpression and knockdown

For piRNA and miRNA overexpression and knockdown, piRNA and miRNA mimics were used for overexpression, and piRNA and miRNA inhibitors were used for knockdown. The piRNA and miRNA mimics and inhibitors were designed and synthesized by General Biosystems (Anhui) Co., Ltd. A total of 50 μl of Opti MEM and 0.2 nmol of RNA were gently mixed to obtain RNA diluent. A total of 50 μl of Opti MEM and 2.0 μl of Lip2000 were gently mixed to obtain Lip2000 diluent, and the Lip2000 diluent was then incubated at room temperature for 5 min. RNA diluent and Lip2000 diluent were mixed and incubated for 20 min at room temperature to form the RNA-Lip2000 complex. RNA-Lip2000 complex was added to the incubated cells, and the culture plate was then gently shaken. Cells were incubated in a 37°C CO2 incubator for 4–6 h, and then the medium was changed and cultured for 18–48 h.

For snRNA and snoRNA overexpression, the target sequences of snRNA and snoRNA were cloned into the pLVX vector to construct lentivirus, which was used to transfect endothelial cells.



Flow cytometry

Rat aortic endothelial cells were treated with ox-LDL for 12 h and then subjected to the indicated treatment. After that, cell apoptosis was measured using an Annexin V-FITC/propidium iodide kit (BD Biosciences) according to the manufacturer’s protocol. Apoptotic cells were observed using a flow cytometer. CellQuest software was used to analyze the apoptotic rate.



Statistical analysis

All data are presented as the mean ± S.D. of three independent experiments. T-tests and ANOVA were used to compare two groups by Excel 2017; p < 0.05 was considered a significant difference, and P < 0.01 was considered highly statistically significant.




Results


Differential expression of piRNA in rat endothelial cells with ox-LDL treatment

PiRNA is involved in transposon silencing, spermatogenesis, genome rearrangement, epigenetic regulation, protein regulation and reproductive stem cell maintenance (28). However, the regulatory effect of piRNAs on endothelial cell injury is unknown. Small RNA sequencing showed that 42 piRNAs were upregulated and 38 piRNAs were downregulated in ox-LDL-treated endothelial cells compared to NC cells (Figures 1A–C). We used PCA to show the relationship between piRNA expression and ox-LDL treatment. The obtained results showed that piRNA expression distinguished the ox-LDL group and NC group (Figure 1D). Next, we used qPCR to verify the small RNA sequencing results of piRNA. The qPCR results showed that compared with the NC group, the expression of 12 piRNAs in the ox-LDL group increased, and the expression of piRNA DQ602402 increased most significantly (Figure 1E). On the other hand, the expression of piRNA DQ606544 and DQ749693 was significantly decreased in the ox-LDL group compared to the NC group (Figure 1F). The expression of piRNA DQ614630 in endothelial cells was increased or knocked down by piRNA DQ614630 mimics or inhibitors (Supplementary Figure 1A). piRNA DQ614630 overexpression promoted the apoptosis of endothelial cells induced by ox-LDL, and piRNA DQ614630 knockdown inhibited the apoptosis of endothelial cells induced by ox-LDL (Figures 1G, H).


[image: image]

FIGURE 1
Differential expression of piRNAs in rat endothelial cells treated with ox-LDL. Heatmap (A), MA map (B), and volcano map (C) show the expression of piRNA in rat endothelial cells with ox-LDL treatment, n = 3. (D) PCA showed the expression of piRNA in rat endothelial cells with or without ox-LDL treatment, n = 3. (E) qPCR detected the expression of piRNA in rat endothelial cells with or without ox-LDL treatment. (F) qPCR detected the expression of piRNA in rat endothelial cells with or without ox-LDL treatment. (G) Flow cytometry analysis of cell apoptosis after treatment with piRNA DQ614630 mimics and piRNA DQ614630 inhibitors. (H) Quantification of normal cells according to flow cytometric analysis. For the statistical analysis, three independent experiments were conducted. *p < 0.05, **p < 0.01.




Differential of snoRNA in rat endothelial cells with ox-LDL treatment

Research on snoRNA has developed rapidly, and recent studies have shown that snoRNA is also involved in genetic diseases, human variation, hematopoiesis, metabolism and cancer (19). Small RNA sequencing showed that 80 snoRNAs were upregulated and 68 snoRNAs were downregulated in ox-LDL-treated endothelial cells compared to NC cells (Figures 2A–C). The results of PCA indicated that snoRNA expression can distinguish the ox-LDL group and NC group (Figure 2D). qPCR analysis showed that compared with the NC group, the expression of 20 snoRNAs in the ox-LDL group increased, and the expression of snoRNA ENSRNOT00000079223.1 increased most significantly (Figure 2E). On the other hand, qPCR showed that the expression of ENSRNOT00000079032.1 was decreased in the ox-LDL group compared to the NC group (Figure 2F). The expression of snoRNA ENSRNOT00000079032.1 in endothelial cells was increased by transfection with lentivirus and detected by qPCR (Supplementary Figure 1B). snoRNA ENSRNOT00000079032.1 overexpression inhibited the apoptosis of endothelial cells induced by ox-LDL (Figures 2G, H).
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FIGURE 2
Differential expression of snoRNA in rat endothelial cells treated with ox-LDL. Heatmap (A), MA map (B), and volcano map (C) show the expression of snoRNA in rat endothelial cells with ox-LDL treatment, n = 3. (D) PCA showed the expression of snoRNA in rat endothelial cells with or without ox-LDL treatment, n = 3. (E) qPCR detected the expression of snoRNA in rat endothelial cells with or without ox-LDL treatment. (F) qPCR detected the expression of snoRNA in rat endothelial cells with or without ox-LDL treatment. (G) Flow cytometry assay of cell apoptosis after treatment with pLVX-ENSRNOT00000079032.1. (H) Quantification of normal cells according to flow cytometric analysis. For the statistical analysis, three independent experiments were conducted. *p < 0.05, **p < 0.01.




Differential expression of snRNA in rat endothelial cells with ox-LDL treatment

SnRNA includes a large group of non-coding RNAs with large differences, and these non-coding RNAs are mainly involved in the selective splicing of mRNA precursors and the processing of ribosomal RNA (29). We analyzed the expression changes of snoRNA in rat endothelial cells treated with ox-LDL. Small RNA sequencing showed that 20 snRNAs were upregulated and 26 snRNAs were downregulated in ox-LDL-treated endothelial cells (Figures 3A–C). PCA indicated that snRNA expression can distinguish the ox-LDL group and NC group (Figure 3D). We used qPCR to verify the small RNA sequencing results of snRNA. The qPCR results showed that compared with the NC group, the expression of 25 snRNAs in the ox-LDL group increased, and the expression of snRNA ENSRNOT00000081005.1 increased most significantly (Figure 3E). The expression of snRNA ENSRNOT00000081005.1 in endothelial cells was increased by transfection with lentivirus and detected by qPCR (Supplementary Figure 1C). snRNA ENSRNOT00000081005.1 overexpression inhibited the apoptosis of endothelial cells induced by ox-LDL (Figures 3F, G).
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FIGURE 3
Differential expression of snRNA in rat endothelial cells treated with ox-LDL. Heatmap (A), MA map (B), and volcano map (C) show the expression of snRNA in rat endothelial cells with ox-LDL treatment, n = 3. (D) PCA showed the expression of snRNA in rat endothelial cells with or without ox-LDL treatment, n = 3. (E) qPCR detected the expression of snRNA in rat endothelial cells with or without ox-LDL treatment. (F) Flow cytometry assay of cell apoptosis after treatment with pLVX-ENSRNOT00000081005.1. (G) Quantification of normal cells according to flow cytometric analysis. For the statistical analysis, three independent experiments were conducted. *p < 0.05, **p < 0.01.




Differential expression of miRNA in rat endothelial cells with ox-LDL treatment

MiRNAs are involved in the maintenance of endothelial cell function (30, 31). Small RNA sequencing showed that 106 miRNAs were upregulated and 91 miRNAs were downregulated in ox-LDL-treated endothelial cells compared to NC cells (Figures 4A–C). We used PCA to show the relationship between miRNA expression and ox-LDL treatment. The obtained results showed that miRNA expression could distinguish the ox-LDL and NC groups (Figure 4D). qPCR analysis showed that compared with the NC group, the expression of 21 miRNAs in the ox-LDL group increased, and the expression of miRNA rno-novel-136-mature increased most significantly (Figure 4E). The expression of miRNA rno-novel-136-mature in endothelial cells was increased or knocked down by miRNA rno-novel-136-mature mimics or inhibitors (Supplementary Figure 1D). miRNA rno-novel-136-mature overexpression promoted the apoptosis of endothelial cells induced by ox-LDL, and miRNA rno-novel-136-mature knockdown inhibited the apoptosis of endothelial cells induced by ox-LDL (Figures 4F, G).
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FIGURE 4
Differential expression of miRNA in rat endothelial cells treated with ox-LDL. Heatmap (A), MA map (B), and volcano map (C) show the expression of miRNA in rat endothelial cells with ox-LDL treatment, n = 3. (D) PCA showed the expression of miRNA in rat endothelial cells with or without ox-LDL treatment, n = 3. (E) qPCR detected the expression of miRNA in rat endothelial cells with or without ox-LDL treatment. (F) Flow cytometry assay of cell apoptosis after treatment with rno-novel-136-mature mimic and rno-novel-136-mature mimic inhibitors. (G) Quantification of normal cells according to flow cytometric analysis. For the statistical analysis, three independent experiments were conducted. *p < 0.05, **p < 0.01.




Differential expression of repeat RNA in rat endothelial cells with ox-LDL treatment

All RNAs have a tendency to spontaneously fold into secondary or tertiary structures. Although RNA has only four types of nucleotides, they can form a variety of structures, thus affecting cell function. Aberrantly expanded, repeated RNA sequences can exhibit gain-of-function abnormalities and become pathogenic, giving rise to many diseases (32). The obtained results showed that 4 repeat RNAs were upregulated and 6 repeat RNAs were downregulated in ox-LDL-treated endothelial cells compared to NC cells (Figures 5A–C). PCA showed that repeat RNA expression could distinguish the ox-LDL group and NC group (Figure 5D).


[image: image]

FIGURE 5
Differential expression of repeat RNA in rat endothelial cells treated with ox-LDL. Heatmap (A), MA map (B), and volcano map (C) show the expression of repeat RNA in rat endothelial cells with ox-LDL treatment, n = 3. (D) PCA showed the expression of repeat RNA in rat endothelial cells with or without ox-LDL treatment, n = 3.





Discussion

The relationship between RNA structural and functional diversity in different organisms is the frontier of major basic research in life science. Especially with the proposal of genome and proteome projects, RNA omics research has become a new growth point of molecular biology research. In this study, we found the relationship between small RNAs and ox-LDL-induced ED by small RNA sequencing and qPCR. PiRNA is a type of small RNA isolated from mammalian germ cells, and piRNA can play its regulatory role only when combined with members of the piwi protein family (16). Currently, piRNAs have been detected in blood vessels and the heart, and previous studies have shown that piRNAs exert mechanistic regulatory potency during cardiac differentiation (33). PiRNA-30473 mediates the occurrence and prognosis of B lymphoma by regulating m6A methylation (34). PiRNA-DQ541777 mediates neuropathic pain through targeted regulation of Cdk5rap1 expression (35). PiRNA-63076 promotes the proliferation of pulmonary artery smooth muscle cells by regulating acyl-CoA dehydrogenase activity (36). However, no study has reported the regulatory effect of piRNAs on vascular endothelial cells. We first reported the effect of ox-LDL on the expression of piRNA in vascular endothelial cells, which may become a biomarker for the detection of vascular endothelial injury.

SnoRNA is a type of non-coding RNA with a length of 60–300 nucleotides that widely exists in eukaryotic cells (18). In vertebrates, the genes encoding snoRNAs mainly exist in the intron region of protein-coding genes or non-protein-coding genes and form mature snoRNAs after further posttranscriptional processing (18, 37). It can combine with specific proteins to form complexes to exist stably in cells. The main function of snoRNA is to guide the 2′-O-ribose-methylation and pseudouridylation modification of rRNA (19). Recent studies have shown that snoRNA is also involved in genetic diseases, human variation, hematopoiesis, metabolism and cancer (19). SNORD50A/B acts as a molecular switch to regulate the activity of the KRAS protein and then regulate the occurrence of tumors (38). Currently, no study has reported the expression changes of snoRNA in the process of endothelial cell injury caused by ox-LDL. We reported the expression changes of snoRNA in the process of endothelial cell injury caused by ox-LDL for the first time, which provides a new research and therapeutic target for the study of endothelial cell injury.

SnRNA is the main component of the RNA spliceosome in the posttranscriptional processing of eukaryotes (29). There are now five types of snRNAs with a length of approximately 100–215 nucleotides in mammals. snRNAs form RNA spliceosomes with approximately 40 nuclear proteins and play an important role in RNA posttranscriptional processing (29). The expression of snRNA in human, chimpanzee, rhesus monkey and mouse prefrontal cortices was systematically measured by high-throughput sequencing technology. Through comparative analysis, it was found that snRNA is very conserved at the gene family level, but the expression of U1 greatly changes in the human brain (39). We found that the expression of snRNA significantly changed during endothelial cell injury. However, the mechanism of snRNA needs to be further studied.

MiRNAs are the most studied sncRNAs, and their function is involved in almost all aspects of biological processes. An increasing number of studies have shown that miRNAs play an important regulatory role in cardiovascular diseases (40). Several reports have studied the role of miRNA in ox-LDL-induced endothelial injury. Mir-214-3p protects endothelial cells by targeting the expression of GPx4 (26). MiR-217 reduces ox-LDL-induced endothelial cell injury by inhibiting the expression of EGR1 (27). In this study, we found that some new miRNAs are related to endothelial cell damage caused by ox-LDL, and these new miRNAs need to be identified in sequence and function.

There are relatively few reports on the relationship between repeat-associated RNA and disease. Repeat-associated RNA was reported to be associated with myotonic dystrophy (DM), Fuch’s endothelial corneal dystrophy (FECD) and amyotrophic lateral sclerosis (ALS) (41). We first found expression changes in repeat-associated RNAs during ox-LDL-induced endothelial cell injury by small RNA sequencing.

Using small RNA high-throughput sequencing and qPCR detection, we found that the expression of piRNAs, snoRNAs, snRNAs, miRNAs and repeat-associated RNAs significantly changed during ox-LDL-induced endothelial cell injury. Our results preliminarily show that these sncRNAs are significantly upregulated or downregulated during ox-LDL treatment. PiRNA, snoRNA, snRNA, miRNA and repeat-associated RNA may be biomarkers of endothelial cell injury and could be useful in the future as therapeutic targets. Further research is still needed to reveal the cellular pathways regulated by sncRNAs that are involved in ox-LDL-induced endothelial cell injury.
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SUPPLEMENTARY FIGURE 1
The overexpression and knockdown of ncRNA in rat endothelial cells. (A) The overexpression and knockdown of piRNA DQ614630 in rat endothelial cells. (B) The overexpression of ENSRNOT00000079032.1 in rat endothelial cells. (C) The overexpression of ENSRNOT00000081005.1 in rat endothelial cells. (A,D) The overexpression and knockdown of miRNA rno-novel-136-mature in rat endothelial cells. For the statistical analysis, three independent experiments were conducted. **p < 0.01.



References

1. Kobiyama K, Ley K. Atherosclerosis. Circ Res. (2018) 123:1118–20. doi: 10.1161/CIRCRESAHA.118.313816

2. Cheng HM, Koutsidis G, Lodge JK, Ashor A, Siervo M, Lara J. Tomato and lycopene supplementation and cardiovascular risk factors: a systematic review and meta-analysis. Atherosclerosis. (2017) 257:100–8. doi: 10.1016/j.atherosclerosis.2017.01.009

3. Sturtzel C. Endothelial cells. Adv Exp Med Biol. (2017) 1003:71–91. doi: 10.1007/978-3-319-57613-8_4

4. Hartley A, Haskard D, Khamis R. Oxidized LDL and anti-oxidized LDL antibodies in atherosclerosis - novel insights and future directions in diagnosis and therapy. Trends Cardiovasc Med. (2019) 29:22–6. doi: 10.1016/j.tcm.2018.05.010

5. Gimbrone MA Jr., Garcia-Cardena G. Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ Res. (2016) 118:620–36. doi: 10.1161/CIRCRESAHA.115.306301

6. Henriksen T, Mahoney EM, Steinberg D. Enhanced macrophage degradation of low density lipoprotein previously incubated with cultured endothelial cells: recognition by receptors for acetylated low density lipoproteins. Proc Natl Acad Sci USA. (1981) 78:6499–503. doi: 10.1073/pnas.78.10.6499

7. Zhang X, Fernandez-Hernando C. Transport of LDLs into the arterial wall: impact in atherosclerosis. Curr Opin Lipidol. (2020) 31:279–85. doi: 10.1097/MOL.0000000000000701

8. Bian W, Jing X, Yang Z, Shi Z, Chen R, Xu A, et al. Downregulation of LncRNA NORAD promotes Ox-LDL-induced vascular endothelial cell injury and atherosclerosis. Aging. (2020) 12:6385–400. doi: 10.18632/aging.103034

9. Jiang Q, Chen Q, Li C, Gong Z, Li Z, Ding S. ox-LDL-induced endothelial progenitor cell oxidative stress via p38/Keap1/Nrf2 pathway. Stem Cells Int. (2023) 2022:5897194. doi: 10.1155/2022/5897194

10. Lusis AJ. Atherosclerosis. Nature. (2000) 407:233–41. doi: 10.1038/35025203

11. Cheng XL, Ding F, Wang DP, Zhou L, Cao JM. Hexarelin attenuates atherosclerosis via inhibiting LOX-1-NF-kappaB signaling pathway-mediated macrophage ox-LDL uptake in ApoE(-/-) mice. Peptides. (2019) 121:170122. doi: 10.1016/j.peptides.2019.170122

12. Hao W, Friedman A. The LDL-HDL profile determines the risk of atherosclerosis: a mathematical model. PLoS One. (2014) 9:e90497. doi: 10.1371/journal.pone.0090497

13. Bedenbender K, Scheller N, Fischer S, Leiting S, Preissner KT, Schmeck BT, et al. Inflammation-mediated deacetylation of the ribonuclease 1 promoter via histone deacetylase 2 in endothelial cells. FASEB J. (2019) 33:9017–29. doi: 10.1096/fj.201900451R

14. Kattoor AJ, Kanuri SH, Mehta JL. Role of Ox-LDL and LOX-1 in atherogenesis. Curr Med Chem. (2019) 26:1693–700. doi: 10.2174/0929867325666180508100950

15. Isakova A, Fehlmann T, Keller A, Quake SR. A mouse tissue atlas of small noncoding RNA. Proc Natl Acad Sci USA. (2020) 117:25634–45. doi: 10.1073/pnas.2002277117

16. Liu Y, Dou M, Song X, Dong Y, Liu S, Liu H, et al. The emerging role of the piRNA/piwi complex in cancer. Mol Cancer. (2019) 18:123. doi: 10.1186/s12943-019-1052-9

17. Sun YH, Lee B, Li XZ. The birth of piRNAs: how mammalian piRNAs are produced, originated, and evolved. Mamm Genome. (2022) 33:293–311. doi: 10.1007/s00335-021-09927-8

18. Deryusheva S, Talross GJS, Gall JG. SnoRNA guide activities: real and ambiguous. Rna. (2021) 27:1363–73. doi: 10.1261/rna.078916.121

19. McCann KL, Kavari SL, Burkholder AB, Phillips BT, Hall TMT. H/ACA snoRNA levels are regulated during stem cell differentiation. Nucleic Acids Res. (2020) 48:8686–703. doi: 10.1093/nar/gkaa612

20. Lesman D, Rodriguez Y, Rajakumar D, Wein N. U7 snRNA, a small RNA with a big impact in gene therapy. Hum Gene Ther. (2021) 32:1317–29. doi: 10.1089/hum.2021.047

21. Sperling R. Small non-coding RNA within the endogenous spliceosome and alternative splicing regulation. Biochim Biophys Acta Gene Regul Mech. (2019) 1862:194406. doi: 10.1016/j.bbagrm.2019.07.007

22. Clerget G, Abel Y, Rederstorff M. Small non-coding RNAs: a quick look in the rearview mirror. Methods Mol Biol. (2015) 1296:3–9. doi: 10.1007/978-1-4939-2547-6_1

23. Dhahbi JM. Circulating small noncoding RNAs as biomarkers of aging. Ageing Res Rev. (2014) 17:86–98. doi: 10.1016/j.arr.2014.02.005

24. Zhang Z, Zhang J, Diao L, Han L. Small non-coding RNAs in human cancer: function, clinical utility, and characterization. Oncogene. (2021) 40:1570–7. doi: 10.1038/s41388-020-01630-3

25. Choudhuri S. Small noncoding RNAs: biogenesis, function, and emerging significance in toxicology. J Biochem Mol Toxicol. (2010) 24:195–216. doi: 10.1002/jbt.20325

26. Xie M, Huang P, Wu T, Chen L, Guo R. Inhibition of miR-214-3p protects endothelial cells from ox-LDL-induced damage by targeting GPX4. BioMed Res Int. (2021) 2021:9919729. doi: 10.1155/2021/9919729

27. Yang X, Li D, Qi YZ, Chen W, Yang CH, Jiang YH. MicroRNA-217 ameliorates inflammatory damage of endothelial cells induced by oxidized LDL by targeting EGR1. Mol Cell Biochem. (2020) 475:41–51. doi: 10.1007/s11010-020-03857-w

28. Zhang J, Chen S, Liu K. Structural insights into piRNA biogenesis. Biochim Biophys Acta Gene Regul Mech. (2022) 1865:194799. doi: 10.1016/j.bbagrm.2022.194799

29. Yu AT, Ge J, Yu Y-T. Pseudouridines in spliceosomal snRNAs. Protein Cell. (2011) 2:712–25. doi: 10.1007/s13238-011-1087-1

30. Xiao FJ, Zhang D, Wu Y, Jia QH, Zhang L, Li YX, et al. miRNA-17-92 protects endothelial cells from erastin-induced ferroptosis through targeting the A20-ACSL4 axis. Biochem Biophys Res Commun. (2019) 515:448–54. doi: 10.1016/j.bbrc.2019.05.147

31. Chamorro-Jorganes A, Sweaad WK, Katare R, Besnier M, Anwar M, Beazley-Long N, et al. METTL3 regulates angiogenesis by modulating let-7e-5p and miRNA-18a-5p expression in endothelial cells. Arterioscler Thromb Vasc Biol. (2021) 41:e325–37. doi: 10.1161/ATVBAHA.121.316180

32. Blaszczyk L, Rypniewski W, Kiliszek A. Structures of RNA repeats associated with neurological diseases. Wiley Interdiscip Rev RNA (2017) 8. doi: 10.1002/wrna.1412

33. Zhou Y, Fang Y, Dai C, Wang Y. PiRNA pathway in the cardiovascular system: a novel regulator of cardiac differentiation, repair and regeneration. J Mol Med (Berl). (2021) 99:1681–90. doi: 10.1007/s00109-021-02132-9

34. Han H, Fan G, Song S, Jiang Y, Qian C, Zhang W, et al. piRNA-30473 contributes to tumorigenesis and poor prognosis by regulating m6A RNA methylation in DLBCL. Blood. (2021) 137:1603–14. doi: 10.1182/blood.2019003764

35. Zhang C, Sha H, Peng Y, Wang Y, Liu C, Zhou X. PiRNA-DQ541777 contributes to neuropathic pain via targeting Cdk5rap1. J Neurosci. (2019) 39:9028–39. doi: 10.1523/JNEUROSCI.1602-19.2019

36. Ma C, Zhang L, Wang X, He S, Bai J, Li Q, et al. piRNA-63076 contributes to pulmonary arterial smooth muscle cell proliferation through acyl-CoA dehydrogenase. J Cell Mol Med. (2020) 24:5260–73. doi: 10.1111/jcmm.15179

37. Wajahat M, Bracken CP, Orang A. Emerging functions for snoRNAs and snoRNA-derived fragments. Int J Mol Sci. (2021) 22: 10193. doi: 10.3390/ijms221910193

38. Siprashvili Z, Webster DE, Johnston D, Shenoy RM, Ungewickell AJ, Bhaduri A, et al. The noncoding RNAs SNORD50A and SNORD50B bind K-Ras and are recurrently deleted in human cancer. Nat Genet. (2016) 48:53–8. doi: 10.1038/ng.3452

39. Zhang B, Han D, Korostelev Y, Yan Z, Shao N, Khrameeva E, et al. Changes in snoRNA and snRNA Abundance in the human, chimpanzee, macaque, and mouse brain. Genome Biol Evol. (2016) 8:840–50. doi: 10.1093/gbe/evw038

40. Lu Y, Thavarajah T, Gu W, Cai J, Xu Q. Impact of miRNA in atherosclerosis. Arterioscler Thromb Vasc Biol. (2018) 38:e159–70. doi: 10.1161/ATVBAHA.118.310227

41. Hale MA, Johnson NE, Berglund JA. Repeat-associated RNA structure and aberrant splicing. Biochim Biophys Acta Gene Regul Mech. (2019) 1862:194405. doi: 10.1016/j.bbagrm.2019.07.006


OPS/images/fcvm-10-1060719-g001.jpg
PC2 29.45%

L

cluster1
cluster2
cluster3
cluster4

i

:
i

2 . 5 3 3 5
[a] o o
- - -

=z =z =z
-4 2 2 "

centered log;(RPM +1)

PCA - PC1vs PC2

LIPNE
iuc%m%
20
10
1 DL1
DL3
-10—
ONC3
N91
I I I I ! I !
-15 -10 -5 0 5 10 15 20
PC1 42.5%

log,(Fold Change)

m

Relative piRNA expression

573
1 Ja1
17.26

PiRNA mimics NC

- 10 7

2

10° 7

1
10 =

10 10

1

LS LU s L

10

10

10

Annexin V-FIT

LDL VS NC
© - * up-regulated(42)
¢ down-regulated(38
¢ not differential expressed
-
'-D —4
5
’
b ., .
e, T 2
..)E" YN c-:
[ R S ——— % "-, ------ L ._o;l - - - m--mm =t - -
Lk 2 . DA ." e
., Baig . :’ .
\}‘:.'” o * '
Ve o
Voo
0 _
1
o -
1

| I

| |
-10 -5 0 S

Mean log,(CPM)

S -

10

Annexin V-FITC

LELELE LAl S B R

2

10

3

10

T

4

10

10 -;Q1 Q2
" 17.41 6.28
10 73 - ’ B
3
- 10" 7
o 3
2
10”3
3
10" 74
4Q4 Q3
o 1808 5.51
10
—rpry preny T TR
0 1 3 4
10 10 10 10 0 10

Annexin V-FITC

—logyo(pvalue)

LDL VS NC
© - ¢ up-regulated(42)
¢ down-regulated(38 | |
¢ not differential expressed | |
1 1
1 |
L} }
1 1
} I
1 |
1 1
9.4 1 1
| )
1 1
1 |
} |
1 1
1 |
| }
1 1
1 |
=] | |
1 1
= ) |
A }
1 1
. -' r'
2 u'...l b .
[~ e TN O AT T L
. v | Iy o Sl tae o
o - "~’A‘5':‘:-'—-S;ﬁ5"“"' e
T T T T T
-4 =2 0 2 4

log,(Fold Change)

mm NC
== LDL

-
(3, }
|

-
o
|

=
(3]
|

Relative piRNA expression

=
o
|

DQ606544 DQ749693

DQ614630 inhibitors —
X
5 1 N
1 Ja1 n
14.41 =
104'_% 8
, ©
10 3 E
E |
(®]
2 P
10 ';
1
10 -2
4 Q4 g Q3
o 1874 4.88
10
LR Ll | LB Ll | v gy LA L | LEELILS LLLS
0 1 4 5
10 10 10 10 100 10

Annexin V-FIT






OPS/images/fcvm-10-1060719-g002.jpg
>
w
@)

LDL VS NC LDL VS NC
B cluster1
B cluster2
B cluster3 ~
B cluster4 Q© | ¢ up-regulated miRNAs(80) O ¢ up-regulated miRNAs(80)
¢ down-regulated miRNAs(68) ¢ down-regulated miRNAs(68) | |
¢ not differential expresse ¢ not differential expressed i |
| !
1 L}
1 ]
. I L}
5 = 1 [
I L}
. I !
. 5 e o - | 1
s - T e i !
dg’) . e Pe ., 2ot o i 1
sacst ¥ =
© o s % - = ! |
S we xS el PG g . .
. . A . .
o [ JE o ————- - - - .‘:‘. e :.a:c.:._: gv,\,.. ,p.- - \% I )
(<) AT IR VL o R AR . = 1 1
< \ S -E%-‘g‘-" Yoo 8 I : *
* A e, | 3
= | 1 .
o LA e
= . ] 1 ) “*
2 ! ! .
“ = |
v S ' 1, "
» ] |
* et I .
o.l .' y l.. { :
- b v ) "‘ R E“
LA
!l .
2 &,
i 9 = ‘O_ - — .‘- e *, ‘fﬁ' “ o
o o fa) 1
- - e}

|

Mean log,(CPM) log,(Fold Change)

centered log2(RPM +1)

D PCA - PC1 vs PC2 E F

mm NC
—
T % 25 **- LDL -
[ & » o == NC
e 20+ G [ 8 1.5 == LDL
4 s 2
L < 151 §
. Z *x S § 1.0
il 21 =
® (] * (@) (7))
g -5 % i *k kK gk %k %%05—
g Eclilill iill'l'i'll fillllllllil:il'i Eo '
NANANYDY '\ N NNNND o
-10 (ﬁ)qf? ‘-OQ&\Q: “lq,«@ %Q%v ,\Q,\ 66 u\ uuﬁv’ojb(\"%«h@%b‘ _Z
SIS oPs AN I l" Y *‘o"‘\‘bcb@ X el T 0.0-
A _(\‘b NS '4‘&\6\.&\_ YRR o
OO PO Q.\\-' RV ()\' Q.()\'.\)\ D, ;\\ » (0'4
(\\) (‘\) O s WAN X QQ O .\) .\)- D~ QQ (N PASMPANANAN
R R R RS
a e%%%%%& \;2 eee\;v\s e%%\%f,s@
20 15 10 5 0 5 10 15 @\;@é@é@é@\;((?@\\@é@é@é@é@é@é@é@é@é@é@é@\;@\;
PC1 51.82%
G pLVX-Vector pPLVX-ENSRNOT00000079032.1 100-
5 3 ' 5 3 * %
10° Q1 ) Q2 0 Ja1 < 80+
120 « & 7.92 15.66 i
oty - * =
E ] -
] : Tv
103 _g 10 qz g
— — Z
o i o i
2
10° : 10° 3
] ] N
3 N \o 'L.
; &
10" - P % 10 = ik '400 o
34 “ g Q3 a4 g ¥ Q3 S¥ &
166.3 : 8.78 o 1835 7.25 ¥ O
10 10 <
LJNE L JLLLS, | LI [, (SRS (L LS L R L L LU R, | LEURLE UL, | LSRS0S L LR L2 U L éo
0 1 2 8 4 5 0 1 2 3 4 5 Nt
10 10 10 10 10 10 10 10 10 10 10 10 é@
Annexin V-FITC Annexin V-FITC &





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Ox-LDL induced profound changes of small non-coding RNA in rat endothelial cells



		Introduction



		Materials and methods



		Isolation and culture of rat aortic endothelial cells



		Ox-LDL treatment



		RNA extraction



		Small RNA sequencing



		qPCR



		SncRNA overexpression and knockdown



		Flow cytometry



		Statistical analysis







		Results



		Differential expression of piRNA in rat endothelial cells with ox-LDL treatment



		Differential of snoRNA in rat endothelial cells with ox-LDL treatment



		Differential expression of snRNA in rat endothelial cells with ox-LDL treatment



		Differential expression of miRNA in rat endothelial cells with ox-LDL treatment



		Differential expression of repeat RNA in rat endothelial cells with ox-LDL treatment







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References

















OPS/images/fcvm-10-1060719-g005.jpg
cluster1
cluster2
cluster3
cluster4

—log1g(pvalue)

LDL3
LDL2

LDL1

(9] - (7]
) 2 &)
= = =

0 2 1
centered log;(RPM 1 1]}

LDL VS NC
O 1 ¢ up-regulated miRNAs(4)
¢ down-regulated miRNAs(6) ] |
¢ not differential expressed [ !
1 I
1 I
1 I
L 1 I
I !
I |
I I
= ' |
i |
I I
I I
I I
i I
I I
I I
= i I
] P
= . |
I I
i {
g I ’
I I
] I
¢« 1 [
""""""" r-1I - === ========"7
*e v o | * Ll .
o - LN I ’
[ | | | [
-4 -2 0 2 4

log»(Fold Change)

PC2 11.28%

log,(Fold Change)

LDL VS NC
© ¢ up-regulated miRNAs(4)
¢ down-regulated miRNAs(6)
¢ not differential expressed
LO p—
O‘------.. ...... ‘-—.‘-.—---—..--. .........
L _|
I
O i
T
| | | | | |
=10 -5 0 ) 10 15
Mean log,(CPM)
PCA - PC1 vs PC2
3
1oyl
e NC
2_
1 —
0 1DE2
-1 -
NC2®
o] C1.
I I | |
-4 -2 0 2 4

PC1 80.83%






OPS/images/fcvm-10-1060719-g003.jpg
s
--
1
N
.

e
|
2
i
1 1
N
oSS\
K

&

1
-
(g)

- e e e e e e e o e e e e e e e e e e e

log,(Fold Change)

LDL VS NC
I
I
I
|
|
1
I
|
1
I
|
1
I
|
I
|
|
1
I
'
1
|
1
'
I
|
. r O
D LT Lo Viss . o
RS P

* down-regulated(26)
* not differential expressed
*

W _1 e up-regulated(20)

-
o
—
n
o

(enjead)? ol -

N
A
bg
)
QQ QQ
N)

1 1
(=3 o

80
0-
0

H
i*

&
-

.
L)
"
. «*
S e e g i
e = - - - - -
.
.
» .
.
*.

1%
l.‘: e
L

*

.

¢ .

* .8
‘3
-
L

i .
-~ =,

%
v
3
o
| .l.| .LI A| i| -| A.| ﬁI i|
1
N
omfb
O
D‘Q‘b

oo ~:~ .
I
'\Cb a
2
'b‘bQ

-

.

LDL VS NC

Mean log,(CPM)

10—
0

|
o
N

30 T

uoissaidxa YNYUS aAle[ay

Q3
43.4

A

B cluster1

¢ down-regulated(26)

¢ not differential expressed

B cluster2
B cluster3
B cluster4

@i
L

© _] ¢ up-regulated(20)

-—

(abuey) pjo4)<6oj

0l-

11a1

c1an

€101

centered log>(RPM +1)

PCA - PC1 vs PC2

m ’ n o %
". B Q&O\V&\N@

N

DL1

=i

5
0
5

o

%.1€°CC 2Od

5
-10—

PC1 34.29%

pLVX-ENSRNOT00000081005.1

pLVX-Vector

ja

10

18.97

10

—

10

137.7

10

Ia1

Q3
8.05

168.6

10

sy

10

10 3

Annexin V-FITC

Annexin V-FITC





OPS/images/fcvm-10-1060719-g004.jpg
@ cluster1
B cluster2
B cluster3
B cluster4

A

¥
' L il ¢/
X 2N
Y = *.ﬂl Q. Q%
i ... \
..-a *..,l-l Q%«wé
oV *-l O@ b \
: L v [ - o«o& A
o | semnsiivswnessase = 1.R.m;uu|ur..w..wyn.m.w 3 - Q\@O\ \«\,00«\
Q L ..s..am?.?.. m ‘
Z i 125 T %okt 3
o] ...T.... S Hll QV o%& &0 = b, o\@
I Lt i el 2 T %56 O (%) S22 jeusioN %, o,
S L g X 4 4 @ A
; S e o %
= S I AR
X 7508007 ¢ 2
g2 0 \o\, %% v =
© D0 v\ . ‘\ - — ™)
Bie N p 2% G0N 2 m
o «w&%ﬁw& Ik 831,
e o @ * - — : C
_ _ _ _ B 1 T | =
sl O} S 0 *—— QMD.\««\ ¢\0 ¢ 3 L
(enjead)°+6oj—- s Qv \ \040 v © >
¥ — \v{,0,1 ¢ = c
S I A S 3
. . *.ll_-l Q\@ «.\\Q oONA\ Q‘Iw m
b 20 - 0 4 & (/AL o T <
I % . Al ._nl.l.-_| 0 « Oo& o .\ nv_v
oy ME— 7 50 X S
45 =R TAIND g
) -n.....ru : o 4 x \W\«Qo \\0 c
ol 30 on T 9% 8% % =
..u.w.u...s..”... Z H.ll_-l 0@0&» $ N¢o0 «\o
......"....... ,..\. — R .\\V &\An. 4 00.\ 0«\ m
o Reiieb R = B 1l o 9% 80,9, % 0 ©
% R SO P X - e@%& %\ %G S =
Py .to’hf.... 2 4 = i
3 " ...m.m...w...m.r." : s J | | .\\W\ «0«% A 000«\ o =
= AT Fo 2 o o o o 4, 1N = c
I Tk Sl N \ o o
i S ¥ it ® N - Y6 %% £ 2%
" REh T uoissaldxa YNYIW dAle[dYy 957,50, < S
g2% " " 0 ' ! ) ma\ 40 0& Q m 2 O
gis o B Y. 0,7 . N <
M.Wmvm T " \m\\ . QA oo Qo\ m _mw N T | G | G B __..m o_m . ow
wmm " §aTy . O«A\A\ e Te e Yo T2 %
- | } | T L 9, " Id
ol g 0 G- olL- (4 m
(sBueyg pjo4)<bo| o m
a0 2 5
| ;< o 0
© S —
- LL
a 1
>
21anl o nm .m
[Fis X
< 2
S =
e1a1 o m i i - g
o B o S5 1 e
P - & 8T,
1nal 2 m _W m Id
z | Q
§ < ; :
3 O E g
ZON ; * m 5 m g m =
|% (®)
2
LON .m M
i-m 2 m m
s R [ -
L S S e = -
S - " " | v T 55 3z [ %
%SS'Ll 20d 5.0. .4_:... 3_. T .2__.:_ 1_. n_u T o





OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Ox-LDL induced profound
changes of small non-coding
RNA in rat endothelial cells












OPS/images/logo.jpg
, frontiers | Frontiers in Cardiovascular Medicine







OPS/images/email.jpg





