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Long Non-coding RNA TUG1 Modulates Expression of Elastin to Relieve Bronchopulmonary Dysplasia via Sponging miR-29a-3p
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Objective: Multiple studies have highlighted that long non-coding RNAs (lncRNAs) may exert paramount roles in relieving bronchopulmonary dysplasia (BPD). The aim of our investigation is to probe the role and mechanism of lncRNA taurine upregulated gene 1 (TUG1) in BPD.

Methods: The current mouse model of BPD was simulated by induction of hyperoxia, and hyperoxia-induced mouse type II alveolar epithelial (MLE-12) (MLE-12) cells were established as a cellular model. Quantitative real-time polymerase chain reaction (qRT-PCR) was applied to determine relative expressions of TUG1, miR-29a-3p, and elastin (ELN). We assessed cell apoptosis by TdT-mediated dUTP-biotin nick-end labeling (TUNEL) staining. Western blot was used for detection of apoptosis-related proteins. Moreover, cell viability was tested by cell counting kit-8 (CCK-8) assay. Inflammatory factors were measured by enzyme-linked immunosorbent assay (ELISA). Dual-luciferase reporter (DLR) assay was employed to confirm relationship between genes.

Results: Upregulation of miR-29a-3p was found in lung tissues of BPD mice compared with lung tissues without BPD, while downregulations of TUG1 and ELN were discovered in BPD tissues in comparison with tissues without BPD. Increasing TUG1 was shown to alleviate lung injury of BPD mice and promote proliferation of hyperoxia-induced MLE-12 cells. Meanwhile, TUG1 inhibited inflammatory response and cell apoptosis in lung tissues of BPD mice and hyperoxia-induced MLE-12 cells. miR-29a-3p was targeted by TUG1 and negatively modulated by TUG1. ELN was inversely regulated by miR-29a-3p. Meantime, suppressive effects of TUG1 on apoptosis and inflammation were reversed by decreasing ELN or increasing miR-29a-3p in hyperoxia-induced MLE-12 cells.

Conclusion: lncRNA TUG1 relieved BPD through regulating the miR-29a-3p/ELN axis, which provided a therapeutic option to prevent or ameliorate BPD.
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INTRODUCTION

Bronchopulmonary dysplasia (BPD), a chronic lung disease of prematurity, is the most common respiratory disorder among infants born extremely preterm. The pathogenesis of BPD is multifactorial (1). Apart from postnatal determinants of lung injury and low gestational age, adverse antenatal factors, such as gestational hypertensive disorders, maternal obesity, and gestational diabetes, also lead to the pathological and clinical features of BPD (2–4). Currently, there are many studies to support several therapeutic strategies, including antenatal glucocorticoids, surfactant therapy, interleukin-1 receptor antagonist, and microbiome (5, 6). Despite intensifying efforts to manage BPD, BPD incidence and mortality of preterm neonates still pose a great challenge for us (7). Thus, raising novel prospects of therapy is essential for contributing to the development of BPD treatment.

Long non-coding RNAs (lncRNAs) comprising transcripts greater than 200 nucleotides are one of the emerging regulators, which lack the protein-coding function (8). In recent years, the roles of lncRNAs in BPD have attracted much attention (9). Cai et al. have reported that lncRNA MALAT1 can inhibit apoptosis of alveolar epithelial cells to protect preterm infants suffering from BPD (10). Mo et al. have stated that overexpression of lncRNA H19 promotes the progression of BPD by mediating MAPK pathway (11). Notably, lncRNA taurine upregulated gene 1 (TUG1) with 6.7 kb nucleotides is located at chromosome 22q12 (12). Growing literature has indicated that dysregulation of TUG1 is involved in lung-related diseases, such as chronic obstructive pulmonary disease (COPD) (13), pneumonia (14), and pulmonary arterial hypertension (PAH) (15). Nonetheless, there is no evidence clarifying the role of TUG1 in BPD.

MicroRNAs (miRNAs), endogenous non-coding RNAs with 18–23 nts in length, can participate in the posttranscriptional regulation of eukaryotic genes (16). Recently, miRNAs have been identified to implicate in the pathogenesis of BPD (17). Yuan et al. have revealed that inhibition of miR-421 can assist in the development of BPD (18). It has been found that miR-574-3p can protect the premature infants with BPD by regulating adrenomedullin (19). In a recent study, downregulation of miR-29a belonging to the miR-29 family (20) is reported to alleviate lung injury, promote cell proliferation, and repress cell apoptosis in BPD mice (21). In addition, miR-29b is demonstrated to be one component of a novel strategy to treat or prevent severe BPD (22). However, interaction between miR-29a-3p and TUG1 is not well-understood in BPD.

In the present study, we determined expression levels of TUG1, miR-29a-3p, and elastin (ELN). Subsequently, we delved into the role of TUG1 in BPD in vivo and in vitro. Mechanistically, interaction among TUG1, miR-29a-3p, and ELN was probed in hyperoxia-induced cells. Therefore, our study provided novel insight into the role of the TUG1/ miR-29a-3p/ELN axis in BPD and highlighted the potential of TUG1 to serve as a promising target for BPD therapy.



MATERIALS AND METHODS


Animals

Newborn mice (C57BL/6 strain) without specific pathogen were purchased from the Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China). Mice were housed in a controlled environment with 12-h light–dark cycles and a humidity of 60% at 22–24°C. Mice were given free access to food and water. Approval of the study was obtained from the Animal Care and Use Committee of our hospital, and procedures of the animal experiment were complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

After the study, all mice were euthanized. Our right hand held the mouse tail and pulled it back, and our left thumb and forefinger pressed down firmly on the mouse head at the same time. The external force was used to dislocate the cervical spine of the mouse, and the spine and the brain were disconnected.



Establishment of BPD Mice Models

Newborn mice within 12 h of birth were randomly selected regardless of gender and divided into the blank group (n = 12, weighing 3.03 ± 0.28 g), the hyperoxia group (n = 12, weighing 3.01 ± 0.42 g), the hyperoxia + negative control (NC) group (n = 12, weighing 3.01 ± 0.33 g), and the hyperoxia + TUG1 group (n = 12, weighing 3.02 ± 0.36 g). The adenovirus-packaged TUG1 vector and its corresponding NC were purchased from GenePharma (Shanghai, China). Before hyperoxia induction, mice were subcutaneously injected with adenovirus-packaged TUG1 vector of 5 μl or its control of 5 μl with reference to previous literature (21). Afterward, apart from the blank group, mice in other groups were subjected to hyperoxia treatment (continuous 5 l/min oxygen input with fraction of inspiration O2 > 90%) from the first day to the fourth day, then permitted to recover in room air for the following 10 days as previously reported (21). After hyperoxia treatment as described above for 14 days, mice were anesthetized with injection of phenobarbital (100 mg/kg) and euthanized. Serum samples were collected promptly after euthanization for enzyme-linked immunosorbent assay (ELISA), and lung tissues were resected for hematoxylin-eosin (HE) staining.



HE Staining

The lung tissues from six mice of each group were fixed with 4% paraformaldehyde overnight at 4°C. Then the fixed tissues were embedded with paraffin and cut into serial sections. The sections were deparaffinized, hydrated, and stained with HE. Pathological changes of lung tissues were observed under a light microscope (Nikon, Tokyo, Japan). The extent of lung injury was assessed by lung injury scoring as previously presented (23). Five randomly selected fields of each slide were scored.



TdT-Mediated dUTP-Biotin Nick–End Labeling Staining

The apoptosis in sections of lung tissues from six mice of each group was measured by using a TUNEL kit (Roche, Basel, Switzerland). In the first place, fractions of lung tissues and 50-μl solutions of TUNEL were mixed and reacted for 50 min. Afterward, the sections were incubated with 50 μl of peroxisome for 30 min at 37°C, and 100-μl working solutions of diaminobenzidine were used for color development. Next, the sections were counterstained by hematoxylin for 3 s and sealed by neutral resin. Tissue sections were observed using a fluorescence microscope (Olympus, Tokyo, Japan). The apoptotic cells were counted in five randomly selected fields from each group. The rate of positive cells was calculated by using the following formula: (the number of positive cells/the number of all cells) × 100%.



Cell Culture and Transfection

A mouse type II alveolar epithelial (MLE-12) cell line was bought from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) supplemented with 2% fetal bovine serum (FBS) in an incubator with 5% CO2 at 37°C. At 24 h after cell culture, MLE-12 cells were exposed to hyperoxia (95% O2 + 5% CO2) for 24 h (24), and MLE-12 cells exposed to normoxia (room air) acted as the control. When the cell density reached 70–80%, pcDNA-NC (RiboBio, Beijing, China), pcDNA-TUG1 (RiboBio), miR-NC (RiboBio), miR-29a-3p mimics (RiboBio), and small interfering (si)-ELN (RiboBio) were transfected for 48 h according to the instructions of Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA).



Quantitative Real-Time Polymerase Chain Reaction

Total RNAs from lung tissues (12 mice of each group) and cells were isolated by using the Trizol kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). The complementary DNA (cDNA) was synthesized with the Reverse Transcription kit (GenePharma), and the qRT-PCR experiment was performed by using the SYBR Green PCR kit (Takara, Dalian, China). The amplification program was listed as follows: 94°C for 10 min, 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 45 s. All primers were bought from Takara. Primer sequences for qRT-PCR are shown in Table 1. Expressions of genes were standardized by using β-actin. The relative expressions of TUG1, miR-29a-3p, and ELN were calculated using the 2ΔΔCt method.


Table 1. Primers for quantitative real-time polymerase chain reaction (qRT-PCR).
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Western Blot

Total proteins were extracted from lung tissues (12 mice of each group) and cells using RIPA buffer (Beyotime, Shanghai, China). Proteins separated by 10% sodium dodecyl sulfate-polyacrylamide gels were transferred onto polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Billerica, MA, USA), and the membranes were blocked with 5% skim milk for 1 h. After blocking, protein samples were incubated with primary antibodies anti-ELN (1:1,000, ab9519, Abcam, Cambridge, MA, USA), anti-caspase-3 (1:200, ab4051, Abcam), B-cell lymphoma 2 (Bcl-2; 1:1,000, ab196495, Abcam), and anti-β-actin (1:1,000, ab8227, Abcam) overnight at 4°C. After the membranes were washed with tris-buffered saline Tween (TBST), a secondary antibody (1:5,000, ab6728; Abcam) was added to incubate with the protein samples at 37°C for 2 h. An Alphalmager™2000 Imaging System (Alpha Innotech, San Leandro, USA) was applied to quantify the density of protein bands. The relative protein expressions of ELN, Bcl-2, and Caspase-3 were normalized by β-actin.



ELISA

Transforming growth factor-β (TGF-β), interleukin 6 (IL-6), and IL-1β from cultured media or serum (12 mice of each group) were measured by using the corresponding ELISA kits (Abcam) as stated in the manufacturer's instructions. The optical density (OD) at 450 nm was measured using a Power Wave Microplate Reader (Bio-TEK, Vermont, USA).



Cell Counting Kit-8

Cells were seeded in 96-well plates (5 × 103 cells/well) and cultured for 24 h. Then CCK8 solutions (Beyotime) were added to each well, and cells were continuously nurtured at 37°C for 3 h. The optical density (OD) of each well at a wavelength of 450 nm was gauged by a microplate reader (Bio-Rad, Hercules, CA, USA).



Dual-Luciferase Reporter Assay

The 3′-UTR fragment of TUG1 including the presumed binding sites of miR-29a-3p was inserted into pGL3-Basic (Promega, Shanghai, China) to construct the vector pGL3-TUG1-WT. The 3′-UTR fragment of TUG1 containing the mutant binding sites of miR-29a-3p was inserted into pGL3-Basic (Promega) to construct the vector pGL3-TUG1-MUT. The pGL3-reporter luciferase vectors of wild-type and mutant-type (Promega) holding the 3′-UTR sequence capable of binding miR-29a-3p of ELN were constructed. The above vectors were transfected into MLE-12 cells, together with miR-NC/mmu-miR-29a-3p (RiboBio) and miR-NC/miR-29a-3p mimics (RiboBio) for 48 h. DLR assay kit (Biovision, Milpitas, CA, USA) was used for detection of relative luciferase activity.



Statistical Analysis

All data were analyzed using SPSS 22.0 software (IBM Corp., Armonk, NY, USA) and expressed as mean ± standard deviation. Comparisons among multiple groups were assessed by one-way ANOVA, followed by a Tukey's multiple comparison for pairwise comparisons. The t-test method was used for evaluating the differences between two groups. A P < 0.05 value was considered to be indicative of statistical significance. All experiments of the current study were repeated three times.




RESULTS


Long Non-coding RNA Taurine Upregulated Gene 1 Was Downregulated in Bronchopulmonary Dysplasia Mice and It Alleviated Pulmonary Injury of Bronchopulmonary Dysplasia Mice

We first induced BPD by exposure to hyperoxia. The result of qRT-PCR showed that TUG1 was markedly downregulated in the hyperoxia group relative to that in the blank group (P < 0.01) (Figure 1A), and relative expression of TUG1 in the hyperoxia-TUG1 group was evidently increased compared with the hyperoxia-NC group (P < 0.01) (Figure 1A). To clarify the function of TUG1 in BPD in vivo, pulmonary injury was assessed in BPD mice. As exhibited in Figure 1B, the injury score in the hyperoxia group was elevated in comparison with the blank group, and overexpression of TUG1 effectively inhibited pulmonary injury of BPD mice (P < 0.01) (Figure 1B).
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FIGURE 1. Long non-coding RNA (lncRNA) taurine upregulated gene 1 (TUG1) is downregulated in bronchopulmonary dysplasia (BPD) mice, and it alleviates pulmonary injury of BPD mice. (A) Relative expression of TUG1 was detected by quantitative real-time polymerase chain reaction (qRT-PCR) in lung tissues of BPD mice. **P < 0.01 vs. Blank. ##P < 0.01 vs. Hyperoxia-negative control (NC). (B) The injury score was used for assessing lung injury of mice. **P < 0.01 vs. Blank. ##P < 0.01 vs. Hyperoxia-NC. Each experiment was repeated three times.




Overexpression of Taurine-Upregulated Gene 1 Inhibited Inflammation and Apoptosis in Lung Tissues of BPD Mice

Then, we explored the effects of TUG1 on apoptosis and inflammation in BPD mice. The result of TUNEL staining demonstrated that apoptotic cells in lung tissues of BPD mice were increased compared with the blank group, and cell apoptosis of BPD mice was suppressed by TUG1 (P < 0.01) (Figure 2A). Besides, Western blot was performed to determine protein expressions of apoptosis-related proteins (Caspase-3 and Bcl-2). We observed that Caspase-3 was elevated by hyperoxia in lung tissues of mice, while Bcl-2 was decreased by hyperoxia in lung tissues of mice (P < 0.01) (Figure 2B). The upregulation of Caspase-3 and downregulation of Bcl-2 were reversed by overexpression of TUG1 in lung tissues of BPD mice (P < 0 01) (Figure 2B). To investigate the effect of TUG1 on inflammation of BPD mice, we measured levels of inflammatory cytokines. The results of ELISA and qRT-PCR displayed that TGF-β, IL-6, and IL-1β in the hyperoxia group were increased compared with the blank group, and TUG1 repressed the upregulations of TGF-β, IL-6, and IL-1β in the serum of BPD mice (all P < 0.01) (Figures 2C,D).
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FIGURE 2. Overexpression of TUG1 inhibits apoptosis and inflammation in lung tissues of BPD mice. (A) TdT-mediated dUTP-biotin nick-end labeling (TUNEL) staining was used for detecting apoptotic cells. **P < 0.01 vs. Blank. ##P < 0.01 vs. Hyperoxia-negative control (NC). (B) Relative protein expressions of Caspase-3 and Bcl-2 in lung tissues of BPD mice were determined by Western blot. **P < 0.01 vs. Blank. ##P < 0.01 vs. Hyperoxia-NC. (C) Relative mRNA expressions of transforming growth factor-β (TGF-β), interleukin (IL)-6, and IL-1β in lung tissues of BPD mice were detected by quantitative real-time polymerase chain reaction (qRT-PCR). **P < 0.01 vs. Blank. ##P < 0.01 vs. Hyperoxia-NC. (D) TGF-β, IL-6, and IL-1β in the serum of BPD mice were measured by enzyme-linked immunosorbent assay (ELISA). **P < 0.01 vs. Blank. ##P < 0.01 vs. Hyperoxia-NC. Each experiment was repeated three times.




Overexpression of TUG1 Could Suppress Apoptosis and Inflammatory Response, and Promote Proliferation of Hyperoxia-Induced Mouse Type II Alveolar Epithelial Cells

Subsequently, we probed the function of TUG1 in hyperoxia-induced MLE-12 cells. We found that there was a downregulation of TUG1 in hyperoxia-induced MLE-12 cells compared with MLE-12 cells without hyperoxia treatment, and transfection of pcDNA-TUG1 elevated the expression of TUG1 in hyperoxia-induced MLE-12 cells (all P < 0.01) (Figure 3A). The result of CCK-8 assay revealed that cell viability was repressed by hyperoxia in MLE-12 cells, and cell viability of MLE-12 cells treated with hyperoxia was promoted by overexpression of TUG1 (all P < 0.01) (Figure 3B). MLE-12 cells induced by hyperoxia showed the upregulation of Caspase-3 and downregulation of Bcl-2, and effects of hyperoxia on Caspase-3 and Bcl-2 were reversed by overexpression of TUG1 (all P < 0.01) (Figure 3C). Besides, our data indicated that TGF-β, IL-6, and IL-1β in cultured media were significantly augmented by hyperoxia at both mRNA and protein levels (all P < 0.01) (Figures 3D,E). Upregulation of TUG1 suppressed the production of TGF-β, IL-6, and IL-1β at both mRNA and protein levels in MLE-12 cells treated with hyperoxia (all P < 0.01) (Figures 3D,E).
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FIGURE 3. Increased TUG1 can suppress apoptosis and inflammatory response and promote proliferation of hyperoxia-induced MLE-12 cells. (A) Relative expression of TUG1 was detected by quantitative real-time polymerase chain reaction (qRT-PCR) in hyperoxia-induced MLE-12 cells. **P < 0.01, vs. control. ##P < 0.01 vs. hyperoxia + pcDNA-negative control (NC). (B) Cell viability was detected by cell counting kit-8 (CCK-8) assay in hyperoxia-induced MLE-12 cells. **P < 0.01 vs. control. ##P < 0.01 vs. pcDNA-NC. (C) Relative protein expressions of Caspase-3 and Bcl-2 were determined by Western blot in hyperoxia-induced MLE-12 cells. **P < 0.01, vs. Control. ##P < 0.01 vs. hyperoxia + pcDNA-NC. (D) Relative mRNA expressions of transforming growth factor-β (TGF-β), interleukin (IL)-6, and IL-1β in hyperoxia-induced MLE-12 cells were detected by qRT-PCR. **P < 0.01 vs. Control. ##P < 0.01 vs. hyperoxia + pcDNA-NC. (E) TGF-β, IL-6, and IL-1β in cultured media were measured by enzyme-linked immunosorbent assay (ELISA). **P < 0.01 vs. Control. ##P < 0.01 vs. hyperoxia + pcDNA-NC. Each experiment was repeated three times.




miR-29a-3p Was a Target Gene of TUG1 and Inversely Regulated by TUG1

In order to further delve to the mechanism of TUG1 in hyperoxia-induced MLE-12 cells, we predicted target genes of TUG1 by starbase2.0. miR-29a-3p was identified as a target of TUG1 with putative binding sites (Figure 4A). To test this hypothesis, a DLR assay was performed and demonstrated that relative luciferase activity of TUG1-Wt vector was remarkably lower in MLE-12 cells transfected with mmu-miR-29a-3p than that in MLE-12 cells transfected with miR-NC (P < 0.01) (Figure 4B). By contrast, relative luciferase activity had no significant difference after the introduction of mmu-miR-29a-3p in MLE-12 cells transfected with the TUG1-Mut vector (Figure 4B). Furthermore, we noted that miR-29a-3p mimics significantly elevated the relative expression of miR-29a-3p in hyperoxia-induced MLE-12 cells (P < 0.01) (Figure 4C). Overexpression of TUG1 markedly decreased the expression of miR-29a-3p in hyperoxia-induced MLE-12 cells (P < 0.01) (Figure 4D). In the current mouse model of BPD, we discovered that miR-29a-3p in the hyperoxia group was highly expressed in comparison with the blank group (P < 0.001) (Figure 4E).
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FIGURE 4. miR-29a-3p is a target gene of TUG1 and inversely regulated by TUG1. (A) The binding sites between TUG1 and miR-29a-3p were predicted by starbase2.0. (B) Relative luciferase activity of TUG1 vector was detected by dual-luciferase reporter (DLR) assay. **P < 0.01 vs. miR-negative control (NC). (C) After transfection of miR-29a-3p mimics, relative expression of miR-29a-3p was detected by quantitative real-time polymerase chain reaction (qRT-PCR) in hyperoxia-induced MLE-12 cells. **P < 0.01 vs. miR-NC. (D) After transfection of TUG1, relative expression of miR-29a-3p was detected by qRT-PCR in hyperoxia-induced MLE-12 cells. **P < 0.01 vs. miR-NC. (E) Relative expression of miR-29a-3p was detected by qRT-PCR in lung tissues of BPD mice. P < 0.001 vs. Blank. Each experiment was repeated three times.




ELN Was a Downstream Target of miR-29a-3p and Negatively Regulated by miR-29a-3p

To further examine the mechanism of TUG1/miR-29a-3p in hyperoxia-induced MLE-12 cells, we employed starbase2.0 to predict the downstream targets of miR-29a-3p, which showed that ELN contained the binding sequence for miR-29a-3p (Figure 5A). Then DLR assay confirmed the cooperation between miR-29a-3p and ELN. We found that miR-29a-3p mimics reduced the relative luciferase activity of the ELN WT reporter (P < 0.01) (Figure 5B), but miR-29a-3p mimics had no effect on ELN MUT reporter in MLE-12 cells (Figure 5B). Furthermore, relative protein expression of ELN was decreased by transfection of miR-29a-3p mimics in hyperoxia-induced MLE-12 cells (P < 0.01) (Figure 5C). In lung tissues of hyperoxia-induced mice, relative expression of ELN in the hyperoxia group was lower than that in the blank group (P < 0.001) (Figure 5D).
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FIGURE 5. Elastin (ELN) is a downstream target of miR-29a-3p and negatively correlated with miR-29a-3p. (A) The binding sites between miR-29a-3p and ELN were predicted by starbase2.0. (B) Relative luciferase activity of ELN vector was detected by DLR assay. **P < 0.01 vs. miR-negative control (NC). (C) After transfection with miR-29a-3p mimics, expression of ELN was detected by Western blot in hyperoxia-induced MLE-12 cells. **P < 0.01 vs. miR-NC. (D) Quantitative real-time polymerase chain reaction (qRT-PCR) was used to detect relative expression of ELN in lung tissues of BPD mice. P < 0.001 vs. Blank. Each experiment was repeated three times.




lncRNA TUG1 Suppressed Apoptosis and Inflammation via Regulating miR-29a-3p/ELN Axis in Hyperoxia-Induced MLE-12 Cells

To verify the regulatory relationship among TUG1, miR-29a-3p, and ELN, rescue experiments were implemented. We discovered that transfection of pcDNA-TUG1 dramatically promoted the expression of Bcl-2, while suppressing the expression of Caspase-3 in hyperoxia-induced MLE-12 cells (P < 0.01) (Figure 6A). Meantime, the promotion effect of TUG1 on Bcl-2 and the suppression effect of TUG1 on Caspase-3 were reversed by downregulation of ELN or upregulation of miR-29a-3p hyperoxia-induced MLE-12 cells (P < 0.01) (Figure 6A). The result of ELISA showed that TUG1 inhibited the production of TGF-β, IL-6, and IL-1β, and the inhibition effects of TUG1 on TGF-β, IL-6, and IL-1β of MLE-12 cells were reversed by overexpression of miR-29a-3p or knockdown of ELN in MLE-12 cells induced by hyperoxia (all P < 0.01) (Figure 6B).
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FIGURE 6. lncRNA TUG1 represses apoptosis and inflammation through regulating miR-29a-3p/ELN axis in hyperoxia-induced MLE-12 cells. (A) Relative protein expressions of Bcl-2 and Caspase-3 in hyperoxia-induced MLE-12 cells were detected by Western blot. **P < 0.01 vs. hyperoxia + pcDNA-negative control (NC). ##P < 0.01 vs. hyperoxia + pcDNA-TUG1. (B) Relative levels of TGF-β, IL-6, and IL-1β in cultured media were measured by ELISA. **P < 0.01 vs. hyperoxia + pcDNA-NC. ##P < 0.01 vs. hyperoxia + pcDNA-TUG1. Each experiment was repeated three times.





DISCUSSION

BPD leads to multiple organ dysfunctions and remains a chief threat to premature infants all over the world (25). Nowadays, there is compelling evidence highlighting the crucial roles of lncRNAs in the pathogenesis of BPD (10, 11). To explore the role of lncRNA TUG1 in BPD in vivo, the current mouse model of BPD was established by the induction of hyperoxia in our study referring to previous studies (26–28). In this model, mice were exposed to hyperoxia (>90% oxygen) for 4 days to repress the development of lung bronchium at the saccular stage and then exposed to normoxia for the next 10 days to recover the development of lung bronchium at the alveolar stage. This model in mice can well simulate human BPD to some extent. In this study, obvious pulmonary injury was found in BPD mice, indicating that the current mouse model of BPD was established successfully.

In recent years, lncRNA TUG1 emerges as a new player in gene regulation in lung-related diseases (29–31). Many studies have indicated that TUG1 is downregulated in lung-related diseases, including acute lung injury (ALI) (29) and non-small cell lung cancer (NSCLC) (32). Similar to the above studies, we also observed the downregulation of TUG1 in BPD tissues and hyperoxia-induced cells. Furthermore, the regulatory role of TUG1 on inflammation have been widely explored in COPD (33) and ALI (29). Qiu et al. have revealed that TUG1 shows a protective effect on LPS-induced primary murine pulmonary microvascular endothelial cells and ameliorates sepsis-induced inflammation and pulmonary injury in mice (29). Moreover, TUG1 is reported to alleviate LPS-evoked inflammatory response in pneumonia (14). Similar to the results of the above literature, we also found that overexpression of TUG1 alleviated inflammation and pulmonary injury of BPD mice. In vitro, TUG1 suppressed inflammation of hyperoxia-induced MLE-12 cells. Our results suggested that TUG1 could inhibit hyperoxia-induced inflammation in vivo and in vitro. In addition, Das et al. have stated that cell apoptosis exerts a critical role in the process of BPD (34). Analogously, we also probed apoptosis in BPD tissues and hyperoxia-induced cells. We found that that TUG1 suppressed cell apoptosis in lung tissues of BPD mice and hyperoxia-induced MLE-12 cells and promoted proliferation of hyperoxia-induced MLE-12 cells. In addition, our findings were supported by the following two studies. Overexpression of TUG1 suppresses cell apoptosis in mice with lung injury (29). TUG1 enhances the proliferative ability of human pulmonary smooth muscle cells (HPASMCs) in PAH (15), implying the antiapoptotic role for TUG1 in PAH. As mentioned above, we deduced that TUG1 extenuated BPD by inhibiting inflammation and apoptosis.

Considering that involvement of several miRNAs in the early development of the lungs is well-known, the imperative role of miR-29 family in BPD has attracted much attention recently (35). Prior literature has declared that miR-29 acts as a potential target for BPD treatment (22). Hu et al. have revealed that inhibition of miR-29a can alleviate lung injury, promote cell proliferation, and repress cell apoptosis in BPD mice model (21). Besides, it has been indicated that upregulation of miR-29a is evident in mice with BPD (21). In line with a previous study, we discovered that miR-29a-3p was highly expressed in BPD mice relative to that in mice without BPD, indicating that miR-29a-3p might participate in the development of BPD. However, a study from Durrani-Kolarik et al. has indicated that upregulation of miR-29b mitigates alveolarization of lung tissues in a neonatal mouse model of BPD induced by hyperoxia (22). Because miR-29a-3p and miR-29b are different isoforms of the miR-29 family, they may exert different functions in BPD. Increasing studies have demonstrated that TUG1 is involved in the progression of pulmonary injury and hypoxic pulmonary hypertension (HPH) via sponging miR-127 (14) and miR-374c (36). In the current study, we found that miR-29a-3p acted as a downstream target of TUG1 in hyperoxia-induced MLE-12 cells, which was inversely regulated with TUG1. Moreover, we found that overexpression of miR-29a-3p reversed the suppression effects of TUG1 on apoptosis and inflammation in hyperoxic cells. Taken together, our demonstration implied that TUG1 alleviated BPD through sponging miR-29a-3p in vitro.

ELN, an extracellular matrix (ECM) protein, is reported to allow the large arteries to reversibly expand and relax with every cardiac cycle (37). It has been reported that the expression of ELN is decreased in a primate model of BPD (38). Abnormal expression of ELN is associated with BPD (39). Similar to the above results, we also observed that ELN was notably decreased in lung tissues of hyperoxia-induced BPD mice. Based on the above outcomes, we inferred that ELN was relevant to BPD. Furthermore, previous studies have confirmed that ELN is targeted by miR-145 in the fibrosis of pulmonary fibroblasts (40) and by miR-29 in mediating offspring lung phenotype (41). In the present study, we discovered that ELN was targeted by miR-29a-3p, and it was negatively regulated by miR-29a-3p in the lung tissues of BPD mice. Given the above outcomes, we speculated that overexpression of miR-29a-3p might exert its role by targeting ELN in hyperoxic cells in vitro. Meanwhile, we found that the inhibitory effects of TUG1 on inflammation and apoptosis in hyperoxia-induced MLE-12 cells were reversed by knockdown of ELN. At length, we concluded that TUG1 might relieve BPD by mediating miR-29a-3p/ELN axis in vitro.

In summary, TUG1 was downregulated in lung tissues of BPD in comparison with lung tissues without BPD. Overexpression of TUG1 was shown to alleviate lung injury of BPD mice in vivo. miR-29a-3p was targeted by TUG1, and ELN was inversely regulated by miR-29a-3p. In general, our report uncovered that TUG1 repressed apoptosis and inflammation of hyperoxia-induced MLE-12 cells via mediating the miR-29a-3p/ELN axis. This newly identified axis provided a novel strategy for the prevention and treatment of BPD.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/supplementary material.



ETHICS STATEMENT

The ethics committee of First Affiliated Hospital of Kunming Medical University.



AUTHOR CONTRIBUTIONS

QZ was responsible in the conception, design, and analysis of data, performed the data analyses, and wrote the manuscript. LW contributed to the conception of the study and wrote the manuscript. ZQ contributed significantly to the analysis, manuscript preparation, and wrote the manuscript. JC performed the data analyses and wrote the manuscript. KL wrote the manuscript. CZ performed the data analyses and wrote the manuscript. JD contributed significantly to analysis and manuscript preparation, and wrote the manuscript. QZ, LW, ZQ, JC, CZ, JD, and KL carried out the experiments. All authors have read and approved the manuscript.



FUNDING

Funding was from the Medical Discipline Leader Training Project of Yunnan Health Commission, No. D201609; Health Science and Technology Planning Project of Yunnan Province, No. 2016NS062; and Health Science and Technology Planning Project of Yunnan Province, Project No. 2018NS0144.



REFERENCES

 1. Higgins RD, Jobe AH, Koso-Thomas M, Bancalari E, Viscardi RM, Hartert TV, et al. Bronchopulmonary dysplasia: executive summary of a workshop. J Pediatr. (2018) 197:300–8. doi: 10.1016/j.jpeds.2018.01.043

 2. Taglauer E, Abman SH, Keller RL. Recent advances in antenatal factors predisposing to bronchopulmonary dysplasia. Semin Perinatol. (2018) 42:413–24. doi: 10.1053/j.semperi.2018.09.002

 3. Morrow LA, Wagner BD, Ingram DA, Poindexter BB, Schibler K, Cotten CM, et al. Antenatal determinants of bronchopulmonary dysplasia and late respiratory disease in preterm infants. Am J Respir Crit Care Med. (2017) 196:364–74. doi: 10.1164/rccm.201612-2414OC

 4. Eriksson L, Haglund B, Odlind V, Altman M, Ewald U, Kieler H. Perinatal conditions related to growth restriction and inflammation are associated with an increased risk of bronchopulmonary dysplasia. Acta Paediatr. (2015) 104:259–63. doi: 10.1111/apa.12888

 5. El-Saie A, Shivanna B. Novel strategies to reduce pulmonary hypertension in infants with bronchopulmonary dysplasia. Front Pediatr. (2020) 8:201. doi: 10.3389/fped.2020.00201

 6. Principi N, Di Pietro GM, Esposito S. Bronchopulmonary dysplasia: clinical aspects and preventive and therapeutic strategies. J Transl Med. (2018) 16:36. doi: 10.1186/s12967-018-1417-7

 7. Jensen EA, Schmidt B. Epidemiology of bronchopulmonary dysplasia. Birth Defects Res A Clin Mol Teratol. (2014) 100:145–57. doi: 10.1002/bdra.23235

 8. Charles Richard JL, Eichhorn PJA. Platforms for investigating LncRNA functions. SLAS Technol. (2018) 23:493–506. doi: 10.1177/2472630318780639

 9. Wang J, Yin J, Wang X, Liu H, Hu Y, Yan X, et al. Changing expression profiles of mRNA, lncRNA, circRNA, and miRNA in lung tissue reveal the pathophysiological of bronchopulmonary dysplasia (BPD) in mouse model. J Cell Biochem. (2019) 120:9369–80. doi: 10.1002/jcb.28212

 10. Cai C, Qiu J, Qiu G, Chen Y, Song Z, Li J, et al. Long non-coding RNA MALAT1 protects preterm infants with bronchopulmonary dysplasia by inhibiting cell apoptosis. BMC Pulm Med. (2017) 17:199. doi: 10.1186/s12890-017-0524-1

 11. Mo W, Li Y, Chang W, Luo Y, Mai B, Zhou J. The role of LncRNA H19 in MAPK signaling pathway implicated in the progression of bronchopulmonary dysplasia. Cell Transplant. (2020) 29:963689720918294. doi: 10.1177/0963689720918294

 12. Young TL, Matsuda T, Cepko CL. The noncoding RNA taurine upregulated gene 1 is required for differentiation of the murine retina. Curr Biol. (2005) 15:501–12. doi: 10.1016/j.cub.2005.02.027

 13. Tang W, Shen Z, Guo J, Sun S. Screening of long non-coding RNA and TUG1 inhibits proliferation with TGF-beta induction in patients with COPD. Int J Chron Obstruct Pulmon Dis. (2016) 11:2951–64. doi: 10.2147/COPD.S109570

 14. Meng J, Chen Y, Zhang C. Protective impacts of long noncoding RNA taurine-upregulated 1 against lipopolysaccharide-evoked injury in MRC-5 cells through inhibition of microRNA-127. J Cell Biochem. (2019) 120:14928–35. doi: 10.1002/jcb.28755

 15. Wang S, Cao W, Gao S, Nie X, Zheng X, Xing Y, et al. TUG1 regulates pulmonary arterial smooth muscle cell proliferation in pulmonary arterial hypertension. Can J Cardiol. (2019) 35:1534–45. doi: 10.1016/j.cjca.2019.07.630

 16. Tafrihi M, Hasheminasab E. MiRNAs: biology, biogenesis, their web-based tools, and databases. MicroRNA. (2019) 8:4–27. doi: 10.2174/2211536607666180827111633

 17. Lal CV, Olave N, Travers C, Rezonzew G, Dolma K, Simpson A, et al. Exosomal microRNA predicts and protects against severe bronchopulmonary dysplasia in extremely premature infants. JCI Insight. (2018) 3:e93994. doi: 10.1172/jci.insight.93994

 18. Yuan HS, Xiong DQ, Huang F, Cui J, Luo H. MicroRNA-421 inhibition alleviates bronchopulmonary dysplasia in a mouse model via targeting Fgf10. J Cell Biochem. (2019) 120:16876–87. doi: 10.1002/jcb.28945

 19. Gong X, Qiu J, Qiu G, Cai C. Adrenomedullin regulated by miRNA-574-3p protects premature infants with bronchopulmonary dysplasia. Biosci Rep. (2020) 40:BSR20191879. doi: 10.1042/BSR20191879

 20. Fiserova B, Kubiczkova L, Sedlarikova L, Hajek R, Sevcikova S. The miR-29 family in hematological malignancies. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. (2015) 159:184–91. doi: 10.5507/bp.2014.037

 21. Hu Y, Xie L, Yu J, Fu H, Zhou D, Liu H. Inhibition of microRNA-29a alleviates hyperoxia-induced bronchopulmonary dysplasia in neonatal mice via upregulation of GAB1. Mol Med. (2019) 26:3. doi: 10.1186/s10020-019-0127-9

 22. Durrani-Kolarik S, Pool CA, Gray A, Heyob KM, Cismowski MJ, Pryhuber G, et al. miR-29b supplementation decreases expression of matrix proteins and improves alveolarization in mice exposed to maternal inflammation and neonatal hyperoxia. Am J Physiol Lung Cell Mol Physiol. (2017) 313:L339–L49. doi: 10.1152/ajplung.00273.2016

 23. Matute-Bello G, Downey G, Moore BB, Groshong SD, Matthay MA, Slutsky AS, et al. An official American thoracic Society workshop report: features and measurements of experimental acute lung injury in animals. Am J Respir Cell Mol Biol. (2011) 44:725–38. doi: 10.1165/rcmb.2009-0210ST

 24. Das KC. Hyperoxia decreases glycolytic capacity, glycolytic reserve and oxidative phosphorylation in MLE-12 cells and inhibits complex I and II function, but not complex IV in isolated mouse lung mitochondria. PLoS ONE. (2013) 8:e73358. doi: 10.1371/journal.pone.0073358

 25. Jung EY, Park KH, Han BR, Cho SH, Yoo HN, Lee J. Amniotic fluid infection, cytokine levels, and mortality and adverse pulmonary, intestinal, and neurologic outcomes in infants at 32 weeks' gestation or less. J Korean Med Sci. (2017) 32:480–7. doi: 10.3346/jkms.2017.32.3.480

 26. Sun H, Choo-Wing R, Fan J, Leng L, Syed MA, Hare AA, et al. Small molecular modulation of macrophage migration inhibitory factor in the hyperoxia-induced mouse model of bronchopulmonary dysplasia. Respir Res. (2013) 14:27. doi: 10.1186/1465-9921-14-27

 27. Li Z, Choo-Wing R, Sun H, Sureshbabu A, Sakurai R, Rehan VK, et al. A potential role of the JNK pathway in hyperoxia-induced cell death, myofibroblast transdifferentiation and TGF-beta1-mediated injury in the developing murine lung. BMC Cell Biol. (2011) 12:54. doi: 10.1186/1471-2121-12-54

 28. Yee M, Chess PR, McGrath-Morrow SA, Wang Z, Gelein R, Zhou R, et al. Neonatal oxygen adversely affects lung function in adult mice without altering surfactant composition or activity. Am J Physiol Lung Cell Mol Physiol. (2009) 297:L641–9. doi: 10.1152/ajplung.00023.2009

 29. Qiu N, Xu X, He Y. LncRNA TUG1 alleviates sepsis-induced acute lung injury by targeting miR-34b-5p/GAB1. BMC Pulm Med. (2020) 20:49. doi: 10.1186/s12890-020-1084-3

 30. Guo S, Zhang L, Zhang Y, Wu Z, He D, Li X, et al. Long non-coding RNA TUG1 enhances chemosensitivity in non-small cell lung cancer by impairing microRNA-221-dependent PTEN inhibition. Aging. (2019) 11:7553–69. doi: 10.18632/aging.102271

 31. Liu H, Zhou G, Fu X, Cui H, Pu G, Xiao Y, et al. Long noncoding RNA TUG1 is a diagnostic factor in lung adenocarcinoma and suppresses apoptosis via epigenetic silencing of BAX. Oncotarget. (2017) 8:101899–910. doi: 10.18632/oncotarget.22058

 32. Lin PC, Huang HD, Chang CC, Chang YS, Yen JC, Lee CC, et al. Long noncoding RNA TUG1 is downregulated in non-small cell lung cancer and can regulate CELF1 on binding to PRC2. BMC Cancer. (2016) 16:583. doi: 10.1186/s12885-016-2569-6

 33. Gu W, Yuan Y, Wang L, Yang H, Li S, Tang Z, et al. Long non-coding RNA TUG1 promotes airway remodelling by suppressing the miR-145-5p/DUSP6 axis in cigarette smoke-induced COPD. J Cell Mol Med. (2019) 23:7200–9. doi: 10.1111/jcmm.14389

 34. Das KC, Wasnick JD. Biphasic response of checkpoint control proteins in hyperoxia: exposure to lower levels of oxygen induces genome maintenance genes in experimental baboon BPD. Mol Cell Biochem. (2014) 395:187–98. doi: 10.1007/s11010-014-2124-1

 35. Nardiello C, Morty RE. MicroRNA in late lung development and bronchopulmonary dysplasia: the need to demonstrate causality. Mol Cell Pediatr. (2016) 3:19. doi: 10.1186/s40348-016-0047-5

 36. Yang L, Liang H, Shen L, Guan Z, Meng X. LncRNA Tug1 involves in the pulmonary vascular remodeling in mice with hypoxic pulmonary hypertension via the microRNA-374c-mediated Foxc1. Life Sci. (2019) 237:116769. doi: 10.1016/j.lfs.2019.116769

 37. Cocciolone AJ, Hawes JZ, Staiculescu MC, Johnson EO, Murshed M, Wagenseil JE. Elastin, arterial mechanics, and cardiovascular disease. Am J Physiol Heart Circ Physiol. (2018) 315:H189–205. doi: 10.1152/ajpheart.00087.2018

 38. Pierce RA, Joyce B, Officer S, Heintz C, Moore C, McCurnin D, et al. Retinoids increase lung elastin expression but fail to alter morphology or angiogenesis genes in premature ventilated baboons. Pediatr Res. (2007) 61:703–9. doi: 10.1203/pdr.0b013e318053661d

 39. Pierce RA, Albertine KH, Starcher BC, Bohnsack JF, Carlton DP, Bland RD. Chronic lung injury in preterm lambs: disordered pulmonary elastin deposition. Am J Physiol. (1997) 272:L452–60. doi: 10.1152/ajplung.1997.272.3.L452

 40. Xu T, Wu YX, Sun JX, Wang FC, Cui ZQ, Xu XH. The role of miR-145 in promoting the fibrosis of pulmonary fibroblasts. J Biol Regul Homeost Agents. (2019) 33:1337–45. doi: 10.23812/19-27-A

 41. Chuang TD, Sakurai R, Gong M, Khorram O, Rehan VK. Role of miR-29 in mediating offspring lung phenotype in a rodent model of intrauterine growth restriction. Am J Physiol Regul Integr Comp Physiol. (2018) 315:R1017–26. doi: 10.1152/ajpregu.00155.2018

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhong, Wang, Qi, Cao, Liang, Zhang and Duan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-08-573099-g005.gif
) = e
=

Position 3645 5 CGACCUCAUCAACGUUGGUGCUAT |

SELNIUTR T Ll

mmUmIR2003 3 AUUGGOUAAAGUCUAGGACGAUS  §

|
i D






OPS/images/fped-08-573099-g006.gif





OPS/images/fped-08-573099-g003.gif
Ralaive TUGHexprssion k)

o &
=

26400

B
L T —
Carpe o 32408

Pachy ——-. 42k0a

I

catvisiiy )
[

o d
ZZ

= o = e

= e = AR

?',il . "
i

= Contol 1 yparoxiaspONANC

.
H IO ———
H A s
! iy .
H . HETS Lo
g R “
H H
F haa— s a—y R e re—






OPS/images/fped-08-573099-g004.gif
TUGIWT AW U GV AG v
WG W GG UGGUSCY

(R

- Gt e U RECAGKR
S v
© wesz ° I weaz €
I Lo
i L =
IE: H
i i
o i ||
e e e





OPS/images/fped-08-573099-t001.jpg
Gene Forward Reverse

TUG1 &'-CTATACTCAGCT ~ &'-TACTGTATGGCCACCACTCC.—8'
TCAGTGTT-3

miR-292-3p 5'-CGTAGCACCATCT  &'- GTGCAGGGTCCGAGGT -3
GAAATCG-3

ELN 5'-GGCCATTCCTGG ~ 5'-AACTGGCTTAAGAGGTTTGCCTCC-3'
TGGAGTTCC-3'

p-actin &-ATCACTGCCACC ~ 5'-TTTCTAGACGGCAGGTCAGG—3'

CAGAAGAC-3'





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Long Non-coding RNA TUG1 Modulates Expression of Elastin to Relieve Bronchopulmonary Dysplasia via Sponging miR-29a-3p



		Introduction



		Materials and Methods



		Animals



		Establishment of BPD Mice Models



		HE Staining



		TdT-Mediated dUTP-Biotin Nick–End Labeling Staining



		Cell Culture and Transfection



		Quantitative Real-Time Polymerase Chain Reaction



		Western Blot



		ELISA



		Cell Counting Kit-8



		Dual-Luciferase Reporter Assay



		Statistical Analysis







		Results



		Long Non-coding RNA Taurine Upregulated Gene 1 Was Downregulated in Bronchopulmonary Dysplasia Mice and It Alleviated Pulmonary Injury of Bronchopulmonary Dysplasia Mice



		Overexpression of Taurine-Upregulated Gene 1 Inhibited Inflammation and Apoptosis in Lung Tissues of BPD Mice



		Overexpression of TUG1 Could Suppress Apoptosis and Inflammatory Response, and Promote Proliferation of Hyperoxia-Induced Mouse Type II Alveolar Epithelial Cells



		miR-29a-3p Was a Target Gene of TUG1 and Inversely Regulated by TUG1



		ELN Was a Downstream Target of miR-29a-3p and Negatively Regulated by miR-29a-3p



		lncRNA TUG1 Suppressed Apoptosis and Inflammation via Regulating miR-29a-3p/ELN Axis in Hyperoxia-Induced MLE-12 Cells







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Long Non-coding RNA TUG1
Modulates Expression of Elastin to
Relieve Bronchopulmonary
Dysplasia via Sponging miR-29a-3p





OPS/images/fped-08-573099-g001.gif





OPS/images/fped-08-573099-g002.gif
Cospares mema— 0

Boctn  m— 2408

e

- s
[y
ey










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





