








	BIOCELL
DOI: 10.32604/biocell.2023.030854
	[image: images]



	Article
	




LncRNA LOC103694972 promotes fibrosis of NRK-49F cells by regulating STAT3-dependent Smad/CTGF pathway via targeting miR-29c-3p
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Abstract: Background: Renal fibrosis is an important process in the development of chronic kidney disease. Understanding the pathogenesis and finding effective treatments for renal fibrosis is crucial. This study aims to investigate whether a newly discovered long non-coding RNA (lncRNA) called LOC103694972 could be a potential target for treating fibrosis of NRK-49F cells. Methods:: LncRNA Chip was used to identify differentially expressed lncRNAs between TGF-β1-induced NRK-49F cells and normal cells. The dual-luciferase assay confirmed the binding between miR-29c-3p and signal transducer and activator of transcription (STAT3), as well as between miR-29c-3p and lncRNA LOC103694972. Si-LOC103694972 and miR-29c-3p mimic were then transfected into TGF-β1-induced NRK-49F cells. Results: The study found that LOC103694972 was highly expressed in TGF-β1-induced NRK-49F cells. These cells exhibited increased cell length and activity compared to the control group. The expression levels of Collagen I, α-Smooth muscle actin (α-SMA), and tissue inhibitor of metalloproteinase (TIMP-1) were increased, while matrix Metalloproteinase 2 (MMP2) and matrix Metalloproteinase 9 (MMP9) expression was decreased. However, transfection with si-LOC103694972 and miR-29c-3p mimics restored cell morphology and reduced cell viability. This led to a decrease in the levels of Collagen I, α-SMA, and TIMP-1, as well as an increase in MMP2 and MMP9 expression. Additionally, TGF-β1-induced NRK-49F cells transfected with miR-29c-3p mimics activated the STAT3-Smad3/CTGF pathway. Conclusion: Based on these findings, lncRNA LOC103694972 shows promise as a target for treating renal fibrosis. It negatively regulates miR-29c-3p and activates the STAT3-Smad3/CTGF pathway.
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Introduction

Chronic kidney disease (CKD) causes an increasing social burden, with high prevalence and high mortality [1]. In the early stages of CKD, patients may not experience any symptoms, but as the disease progresses, complications such as renal insufficiency may arise [2,3]. Presently, the only available clinical treatments for CKD are conservative measures and alternative therapies [2]. Hence, it is crucial to urgently explore the pathogenesis and treatment of CKD. Renal fibrosis, a prevalent progressive process in CKD and end-stage renal disease, involves myofibroblasts as the primary effector cells, and the presence of agglomerated lesions in the renal interstitium represents a significant pathological characteristic of fibrosis [4]. α-Smooth muscle actin (α-SMA) and Collagen I are markers of myofibroblasts. Renal fibrosis develops through the accumulation of scar tissue in the parenchyma [3,5], which correlates with the process of intrinsic cell fibrosis and stiffening in the kidney [6]. Previous studies have identified various mechanisms linked to renal fibrosis, yet no definitive strategy has been established to effectively delay its progression [3,5].

Non-coding RNA (ncRNA) refers to RNA that does not code proteins, including miRNAs, lncRNAs and circ-RNAs. These types of RNA do not require translation into proteins to carry out their biological functions [7]. LncRNA, a subtype of ncRNA, is characterized by its length, which is typically greater than 200 nucleotides. Advancements in chip technology have led to the discovery of numerous lncRNAs that are implicated in renal fibrosis [3,8]. Currently, several lncRNAs have been confirmed to have significant associations with renal fibrosis. Overexpression of LncRNA lnc-ISG20 has been shown to decrease miR-486-5p levels, thereby promoting renal fibrosis [9]. Overexpression of lncRNA GAS5 has been found to suppress renal fibrosis through the regulation of Smad3/miRNA-142-5p aixs [10]. In our study, we have identified multiple lncRNAs, including lncRNA LOC103694972, and investigated its mechanism of action in NRK-49F cell fibrosis through lncRNA chip analysis.

Transforming growth factor-β (TGF-β) is widely recognized as a crucial regulator of renal fibrosis [11]. In various kidney diseases, TGF-β expression in the kidney is increased and positively correlated with the degree of fibrosis [12]. miR-29c, a key target in fibrotic diseases, is down-regulated in conditions such as renal fibrosis, liver fibrosis, and pulmonary fibrosis, and is considered to possess anti-fibrotic effects [13]. As a pleiotropic transcription factor, signal transducer and activator of transcription (STAT3) induces several fibrotic gene expressions, including TGF-β [14]. Studies have revealed that miR-29c-3p can suppress the growth of cardiac fibroblasts by directly targeting STAT3 expression [15]. Connective tissue growth factor (CTGF) is a well-known gene that promotes fibrosis, and its expression is up-regulated in renal fibrosis [16]. In fibroblasts, TGF-β1-induced up-regulation of CTGF depends on Smad3, while STAT3 is involved in the activation of CTGF [17]. The deposition of extracellular matrix (ECM) proteins played a central role in fibrosis [17]. TGF-β1 can activate Smad3, leading to ECM synthesis [18]. Furthermore, TGF-β1 inhibits the degradation of extracellular matrix (ECM) by suppressing metalloproteinases (MMPs) and inducing tissue inhibitors of metalloproteinases (TIMPs).

This study aimed to investigate the role and mechanism of lncRNA LOC103694972 in regulating fibrosis in NRK-49F cells. Specifically, it explored the interactions between miR-29c-3p, lncRNA LOC103694972, and STAT3. This study aims to elucidate the effectiveness of lncRNA LOC103694972 targeted therapy for cell fibrosis.

Materials and Methods

Cell culture and processing

NRK-49F cells (Shanghai Tongpai Biotechnology Co., Ltd., Shanghai, China) were cultured in DMEM containing 15% FBS and 1% penicillin-streptomycin. The cells were incubated at 37°C in a 5% CO2 environment with saturated humidity. Initially, the NRK-49F cells were divided into two groups: the Control group and the TGF-β1 group. The cells in the Control group were cultured normally, while the TGF-β1 group cells were treated with 10 ng/mL TGF-β1 for 48 h. Subsequently, the cells were divided into four groups, the Control group, the TGF-β1 group, the TGF-β1+si-NC group, and the TGF-β1+si-LOC103694972 group. The Control group and TGF-β1 group were treated as before. Cells in the si-NC+TGF-β1 group and the si-LOC103694972+TGF-β1 group were transfected with si-NC plasmid and si-LOC103694972 plasmid, respectively, for 48 h, followed by treatment with 10 ng/mL TGF-β1 for an additional 48 h. The sequences of the si-NC is 5′-UUCUCCGAACGUGUCACGUTT-3′. And the sequences of the si-LOC103694972 is 5′-CACTTAACGTCACGCTAGT-3′. The plasmids were purchased from Honorgene. After the predetermined time, the cell morphology was observed under a microscope. Subsequently, the cells and cell culture supernatant were collected for further testing.

LncRNA chip

After collecting the cells from each group, they were immediately frozen in liquid nitrogen and subsequently stored at a temperature of −80°C. The quality of RNA and its concentration were assessed using the NanoDrop ND-1000 system. Additionally, the samples were labeled using the array start flash RNA labeling kit. The chip and RNA were then subjected to hybridization using the Agilent SureHyb system. The Agilent DNA Microarray Scanner was employed to wash and scan the chip, and the signal values were collected using the Agilent Feature Extraction software.

Cell counting kit 8 (CCK8) assay

The cells were seeded into 96-well plates and subjected to the designated treatments as per the grouping mentioned above. Upon reaching the predefined time point, the culture medium was aspirated and discarded using a pipette gun. Subsequently, each well was supplemented with 10 μL of a cck8 working solution (NU679, Tongren Chemical Research Institute, kumamoto, Japan) and 90 μL of serum-free DMEM medium. The plates were then placed in a multifunctional microplate reader, and the absorbance at 450 nm was measured after a 4-h incubation period.

Quantitative real-time PCR (RT-qPCR)

Trizol (15596026, Thermofisher, USA) was employed to extract total RNA from cells. miRNA was reverse-transcribed into cDNA using the miRNA cDNA Synthesis kit (CW2141, CWBIO, Beijing, China), while mRNA was reverse-transcribed into cDNA using the HiFscript cDNA Synthesis kit (CW2569, CWBIO, Beijing, China). All primers used were synthesized by Sangon Biotech and their sequences are provided in Table 1. The samples were mixed with UltraSYBR Mixture (CW2601, CWBIO, Beijing, China) to create a mixture, and the relative expression of RNAs was analyzed on the QuantStudio1 Real-Time PCR System (Thermo Fisher, Massachusetts, USA). The relative RNA levels were calculated using the 2−ΔΔCt method. β-actin served as an internal reference for mRNA and lncRNA, while 5S was used as an internal reference for miRNA.
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Western blot (WB)

The cells were lysed with RIPA lysis buffer after collection. BCA protein quantification kits were used to measure the protein content in the cells. The proteins were then separated using SDS-PAGE electrophoresis and transferred to a PVDF membrane. The PVDF membrane was incubated overnight at 4°C with primary antibodies MMP9 (ab76003, Abcam, Cambridge, UK), MMP2 (ab76003, Abcam, Cambridge, UK), TIMP-1 (ab211926, Abcam, Cambridge, UK), CollagenI (ab270993, Abcam, Cambridge, UK), α-SMA (ab21027, Abcam, Cambridge, UK), STAT3 (ab109085, Abcam, Cambridge, UK), Smad3 (ab40854, Abcam, Cambridge, UK), p-STAT3 (ab267373, Abcam, Cambridge, UK), p-Smad3 (ab52903, Abcam, Cambridge, UK), and β-actin (66009-1-Ig, Proteintech, Chicago, USA) as the internal control. Subsequently, the membranes were incubated with appropriate secondary antibodies HRP goat Anti-Rabbit IgG, HRP goat anti-mouse IgG, and HRP goat anti-Goat IgG at 37°C for 60 min. Lastly, the membranes were incubated with ECL chemiluminescence solution (Abiowell, Changsha, China) for 1 min, and then images were captured using a chemiluminescence imaging system instrument.

Luciferase reporter assay

miRanda (http://www.bioinformatics.com.cn/local_miranda_miRNA_target_prediction_120) and TargetScan v.80 (https://www.targetscan.org/vert_80/) were explored to predict the targeted binding site. We employed the dual-luciferase reporter plasmids psiCHECK-2-LOC972 and psiCHECK-2-LOC972-Mut for LncRNA, as well as the dual-luciferase reporter plasmids pHG-MirTarget-STAT3-3U and pHG-MirTarget-STAT3-MUT-3U for STAT3. Additionally, we transfected the miR-29c-3p overexpression plasmid miR-29c-3p mimics and the corresponding empty plasmid miR-NC into the cells. These plasmids were obtained from (HonorGene, Changsha, China).

The dual-luciferase detection kit was used according to the provided protocols to lyse the different cell groups with PLB cell lysate. Subsequently, 20 μL of the resulting cell lysates were mixed with 100 μL of LARII solution, and the activity of firefly luciferase was measured using a dual-luciferase detection instrument. Then, 100 μL of Stop&Glo detection solution was added to the mixed solution and subjected to the double luciferase detection instrument to measure the luciferase activity of the sea kidney.

Enzyme-linked immunosorbent (Elisa) assay

The cell culture supernatant from each cell group was collected. The concentrations of MMP2 (CSB-E07411r, Cusabio, Wuhan, China), MMP9 (CSB-E08008r, Cusabio, Wuhan, China), and TIMP-1 (CSB-E08005r, Cusabio, Wuhan, China) in the cell supernatant were determined using ELISA Kits. The absorbance values of each group were measured using a multifunctional enzyme labeling analyzer (Huisong, Shenzhen, China).

Immunofluorescence (IF) staining

The cells were evenly seeded on the slides and grew adherently after 24 h. After fixation with 4% paraformaldehyde, the cells underwent three washes with PBS. Next, the permeabilization of cells was achieved with 0.3% Triton for 30 min, followed by blocking with 5% BSA for 60 min at 37°C. The cells were then incubated overnight at 4°C with primary antibodies Collagen I (14695-1-AP, Proteintech, Chicago, USA) and α-SMA (BM0002, BOSTER, Wuhan, China). Following this, the cells were exposed to secondary antibodies CoraLite488-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (SA00013-2, proteintech, Chicago, USA) and CoraLite488-conjugated Affinipure Goat Anti-Mouse IgG (H+L) (SA00013-1, proteintech, Chicago, USA) for 90 min at 37°C. Nuclei were stained with DAPI (AWI0331a, Abiowell, Changsha, China) for 5 min. After mounting the slides with buffered glycerol, they were observed and photographed using a microscope.

Statistical analysis

In cell experiments, data was analyzed using GraphPad Prism 9. The Shapiro-Wilk test was employed to determine conformity of the data to a normal distribution. The t-test was used to compare data between two groups, while one-way ANOVA was used to compare differences between more than two groups. Statistical significance was defined as p < 0.05. In miRNA-seq, the original data was standardized and analyzed using GeneSpring GX v12.1 software. Differentially expressed lncRNAs and mRNAs between the two samples were identified using a Fold change ≥2.0 criteria.

TGF-β1 was employed to induce NRK-49F cells for the purpose of cell morphology modification. Following induction, cell morphology was observed using a microscope (Fig. 1A). The elongated cell morphology observed after TGF-β1 induction indicated cellular fibrosis. Fig. 1B demonstrated that Collagen I and α-SMA expressions were upregulated in the TGF-β1 group compared to the Control group, suggesting the transformation of fibroblasts into myofibroblasts induced by TGF-β1. Additionally, the results depicted in Fig. 1C displayed a decrease in fibrosis-related cytokines matrix metalloproteinase 2 (MMP2) and matrix Metalloproteinase 9 (MMP9) levels, along with an increase in tissue inhibitor of metalloproteinase (TIMP-1) content after TGF-β1 induction. These findings further elucidated the cellular fibrosis process.
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Figure 1: Construction of fibrosis model in vitro. (A) Cell morphology was observed under the microscope (scale bar = 100 μm). n = 3. (B) WB was utilized to detect the content of Collagen I and α-SMA. n = 3. (C) qRT-PCR and WB were explored to determine the content of MMP2, MMP9, and TIMP-1. n = 3. *p < 0.05 vs. the Control group.

Results

Construction of fibrosis model in vitro

The regulatory relationship between lncRNA LOC103694972 and miR-29c-3p

To identify differentially expressed long non-coding RNAs (lncRNAs) in fibrotic cells, we isolated the cell mRNA samples from the Control group and the TGF-β1 group, and performed lncRNA chip analysis for detection. Fig. 2A displays a total of 135 differentially expressed lncRNAs (Fold change ≥ 2.0). Additionally, Fig. 2B exhibits 14 up-regulated lncRNAs in the TGF-β1 group with Fold change ≥ 3.0. Among these, the lncRNA LOC103694972 showed significant differential expression and was chosen as the target gene for subsequent experimental verification. We used miRanda and TargetScan v.80 to predict the binding sites of lncRNA LOC103694972 and miR-29c-3p (Fig. 2C). The results from dual-luciferase experiments confirmed the binding activity of miR-29c-3p mimics with LOC103694972 WT (Fig. 2D), indicating a targeting relationship between miR-29c-3p and lncRNA LOC103694972. Subsequently, we analyzed the expressions of lncRNA LOC103694972 and miR-29c-3p (Fig. 2E). Compared to the Control group, lncRNA LOC103694972 expression was up-regulated in the TGF-β1 group, while miR-29c-3p expression was down-regulated. Correlation analysis demonstrated a negative correlation between the expressions of lncRNA LOC103694972 and miR-29c-3p (Fig. 2F). Overall, our findings suggest that lncRNA LOC103694972 negatively regulates miR-29c-3p.
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Figure 2: The regulatory relationship between lncRNA LOC103694972 and miR-29c-3p. (A and B) Differentially expressed lncRNAs was screened out by lncRNA chip. n = 1. (C) Prediction of the targeted binding site between lncRNA LOC103694972 and miR-29c-3p by miRanda and TargetScan v.80. (D) Dual-luciferase assay between lncRNA LOC103694972 and miR-29c-3p. n = 3. (E) qRT-PCR to detected lncRNA LOC103694972 and miR-29c-3p expressions. n = 5. (F) Correlation analysis between lncRNA LOC103694972 and miR-29c-3p expression. n = 10. *p < 0.05 vs. the Control group.

The effect of lncRNA LOC103694972 on NRK-49F fibrosis

In order to investigate the impact of lncRNA LOC103694972 on fibrotic NRK-49F cells, we conducted a silencing experiment on cells induced by TGF-β1 (Fig. 3A). Cell morphology was observed, and it was found that the length of cells in the TGF-β1+si-LOC103694972 group showed similarities to that of the Control cells. The expression levels of lncRNA LOC103694972 and miR-29c-3p were measured in each group (Fig. 3B). In the TGF-β1+si-LOC103694972 group, there was a decrease in lncRNA LOC103694972 expression, while miR-29c-3p expression increased compared to the negative control. This indicates successful knockdown of lncRNA LOC103694972, and also suggests a negative correlation between the expression of lncRNA LOC103694972 and miR-29c-3p. The cell activity in the TGF-β1+si-LOC103694972 group was higher than in the TGF-β1+si-NC group (Fig. 3C). In the TGF-β1+si-LOC103694972 group, the levels of the myofibroblast markers Collagen I and α-SMA, as well as the matrix metalloproteinase inhibitor TIMP-1, were lower compared to the TGF-β1+si-NC group. The levels of matrix metalloproteinase MMP2 and MMP9 increased in the TGF-β1+si-LOC103694972 group compared to the TGF-β1+si-NC group. This suggests that the extent of fibrosis in TGF-β1-induced NRK-49F cells was reduced (Figs. 3D–3F).
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Figure 3: The effect of lncRNA LOC103694972 on NRK-49F fibrosis. (A) Cell morphology was observed under the microscope (scale bar = 100 μm). n = 3. (B) qRT-PCR analysis of lncRNA LOC103694972 and miR-29c-3p expression. n = 3. (C) Cell proliferation was examined by CCK8 assay. n = 3. (D) WB assay of Collagen I and α-SMA expression. n = 3. (E) qRT-PCR analysis of MMP2, MMP9, and TIMP-1 expression. n = 3. (F) IF was used to detected the expression of Collagen I and α-SMA in cells (scale bar = 25 μm). n = 3. *p < 0.05 vs. the Control group. #p < 0.05 vs. the TGF-β1+si-NC group.

Targeting relationship between miR-29c-3p and STAT3

We utilized TargetScan v.80 to predict the specific binding site between miR-29c-3p and STAT3 (Fig. 4A). Subsequently, a dual-luciferase assay was performed to determine the existence of a targeting relationship between miR-29c-3p and STAT3. Comparing the relative luciferase activity, we observed that the miR-29c-3p mimics+STAT3 WT group displayed lower levels compared to the miR-NC+STAT3 WT group. Notably, there was no significant difference observed in the relative luciferase activity between the miR-NC+STAT3 MUT group and miR-29c-3p mimics+STAT3 MUT group (Fig. 4B).
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Figure 4: Targeting relationship between miR-29c-3p and STAT3. (A) The targeted binding site between miR-29c-3p and STAT3 by TargetScan v.80. (B) The binding between miR-29c-3p and STAT3 was demonstrated by dual-luciferase assay. n = 3. *p < 0.05 vs. the miR-NC group.

The effect of miR-29c-3p on fibrosis of NRK-49F

To demonstrate the role of miR-29c-3p in fibrotic cells, we conducted an overexpression experiment on TGF-β1-induced NRK-49F cells. Initially, we observed the cell morphology of all groups using a microscope (Fig. 5A). It was observed that the cells exhibited elongated and slender characteristics compared to their previous state. However, after treatment with miR-29c-3p mimics, the cell length returned to its original state. We then performed qRT-PCR to confirm the successful transfection (Fig. 5B). Additionally, we used miR-NC transfected with miR-29c-3p mimics to validate the reliability of the transfection. Furthermore, we conducted a CCK8 assay to assess cell proliferation (Fig. 5C). It was observed that the proliferation ability of NRK-49F cells increased after treatment with TGF-β1, whereas the introduction of miR-29c-3p mimics inhibited their proliferation. Following transfection with miR-29c-3p mimics, the levels of Collagen I, α-SMA, and TIMP-1 in NRK-49F cells decreased, while the levels of MMP2 and MMP9 increased (Figs. 5D, 5E). Consequently, cell fibrosis was alleviated.
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Figure 5: The effect of miR-29c-3p on fibrosis of NRK-49F. (A) Cell morphology was observed under the microscope (scale bar = 100 μm). n = 3. (B) The expression of miR-29c-3p in each group was assayed by qRT-PCR. n = 3. (C) The proliferation of cells was examined by CCK8 assay. n = 3. (D) WB was used to detect Collagen I and α-SMA expressions in each group. n = 3. (E) qRT-PCR assay of MMP2, MMP9, and TIMP-1 expression. n = 3. *p < 0.05 vs. the Control group. #p < 0.05 vs. the TGF-β1+miR-NC group.

The effect of miR-29c-3p on STAT3-Smad3/CTGF pathway

After inducing TGF-β1 on NRK-49F cells, we proceeded with the miR-29c-3p overexpression treatment. Subsequently, we assessed the mRNA expression of STAT3, Smad3, and CTGF in each cell group (Figs. 6A, 6B). Additionally, we analyzed the protein levels of p-STAT3 and p-Smad3 (Fig. 6B). Interestingly, compared to the Control group, the levels of STAT3, Smad3, and CTGF increased in the TGF-β1 group. Importantly, the TGF-β1+miR-29c-3p mimics group exhibited reduced levels of STAT3, Smad3, and CTGF. Furthermore, we evaluated the protein levels of STAT3, p-STAT3, Smad3, p-Smad3, and CTGF. Notably, TGF-β1 upregulated the expression of p-STAT3/STAT3, p-Smad3/Smad3, and CTGF. Conversely, treatment with miR-29c-3p mimics resulted in decreased p-STAT3/STAT3, p-Smad3/Smad3, and CTGF expression. Collectively, our findings suggest that TGF-β1 activated the STAT3-Smad3/CTGF signaling pathway, while miR-29c-3p mimics act as an effective target fibrosis in TGF-β1-induced NRK-49F cells by modulating the STAT3-Smad3/CTGF pathway.
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Figure 6: The effect of miR-29c-3p on STAT3-Smad3/CTGF pathway. (A) qRT-PCR assay of STAT3, CTGF and Smad3 expressions. n = 3. (B) WB assay of p-STAT3, STAT3, CTGF, p-Smad3 and Smad3 expressions. n = 3. *p < 0.05 vs. the Control group. #p < 0.05 vs. the TGF-β1+miR-NC group.

Discussion

Renal fibrosis, an intermediate process in most kidney diseases, has garnered significant attention in terms of treatment. The fibrosis model induced by TGF-β1 in NRK-49F cells is a commonly used in vitro model for fibrosis [19–21]. In this study, we constructed an in vitro fibrosis model and observed significant elongation of the cell morphology. Collagen I and α-SMA were employed as markers to assess the transdifferentiation of fibroblasts into myofibroblasts [22,23]. Our study successfully up-regulated Collagen I and α-SMA, indicating the deposition of interstitial collagen and increased myofibroblasts. The down-regulation of matrix metalloproteinases MMP2 and MMP9 contributed to the accumulation of extracellular matrix (ECM), while the matrix metalloproteinase inhibitor TIMP-1 inhibited the activity of MMP2 [24,25]. Upon TGF-β1 interference, NRK-49F cells exhibited down-regulation of MMP2 and MMP9, as well as up-regulation of TIMP-1. These results collectively demonstrated the effective intervention of TGF-β1.

In recent years, the role of lncRNAs as epigenetic regulatory factors has gained prominence [26]. Numerous studies have highlighted the ability of lncRNAs to regulate diseases through the ceRNA network [27]. LncRNAs, such as NR_038323, MALAT1, and GAS5, have been identified as effective factors in the treatment of renal fibrosis [27–29]. In our study, we utilized lncRNA chip analysis to identify a highly expressed lncRNA, LOC103694972, in TGF-β1-induced NRK-49F cells. To verify the impact of lncRNA LOC103694972 on fibrosis in NRK-49F cells, we knocked down this lncRNA and observed the restoration of cell morphology. Furthermore, compared to the TGF-β1 group, the TGF-β1+si-LOC103694972 group exhibited down-regulation of Collagen I, α-SMA, and TGF-β1, along with up-regulation of MMP2 and MMP9. These findings indicated a mitigation of cell fibrosis.

Moreover, we found that miR-29c-3p was located downstream of lncRNA LOC103694972, and the two could be targeted to bind. The expression of the two was negatively correlated. miR-29c-3p was down-regulated in NRK-49F cells induced by TGF-β1. Gholaminejad et al. [30] used bioinformatics analysis to study the miRNA expression profile of renal fibrosis and found a series of marker miRNAs of renal fibrosis, including miR-29c-3p. Later, Sun et al. [31] verified that the down-regulation of miR-29c-3p could induce renal fibrosis in vivo and vitro. This was consistent with our research results. When miR-29c-3p was overexpressed, the fibrosis of NRK-49F cells induced by TGF-β1 was relieved.

STAT3 has been implicated in the regulation of fibrosis-related genes [32], and studies have shown that miR-29c-3p can negatively regulate STAT3 [15,33]. To confirm this relationship, we conducted dual-luciferase verification, which confirmed that STAT3 is indeed the target gene of miR-29c-3p. Our research demonstrated that TGF-β1 triggered the activation of STAT3, leading to increased expression of p-STAT3 [33]. However, upon overexpression of miR-29c-3p, the expression of p-STAT3 was down-regulated. Smad3 plays a crucial role in TGF-β1-induced fibrosis, and the activation of the Smad3 signaling pathway is a common response in various cells to TGF-β1 [34,35]. In our study, TGF-β1 treatment of NRK-49F cells resulted in the phosphorylation and activation of Smad3. However, the overexpression of miR-29c-3p inhibited the expression of p-Smad3. CTGF serves as a downstream target gene of Smad3 [36,37], and Lei et al. discovered that MKL1 could directly bind to the CTGF promoter by interacting with Smad3 to activate CTGF transcription [38]. Our research established that TGF-β1 mediated the activation of CTGF, but this activation was suppressed by overexpression of miR-29c-3p. In summary, the findings suggest that overexpression of miR-29c-3p could alleviate TGF-β1-induced fibrosis in NRK-49F cells by inhibiting the STAT3-Smad3/CTGF pathway.

The left–right determination factor (Lefty) plays a certain role in the TGF-β1-mediated transformation of fibroblasts into myofibroblasts. TGF-β1 is a transforming growth factor that has been shown to promote the transformation of fibroblasts into myofibroblasts. Zhang et al. [19] studied the effect of exogenous Lefty-1 on TGF-β1-induced transformation of NRK-49F cells and found that Lefty-1 can inhibit the transformation of fibroblasts into myofibroblasts. Specifically, Lefty can inhibit the expression of TGF-β1 receptors or block the activation of TGF-β1 receptors to inhibit the transmission of TGF-β1 signals and reduce the transformation of fibroblasts into myofibroblasts. Therefore, Lefty plays a negative regulatory role in the TGF-β1-mediated transformation of fibroblasts into myofibroblasts and plays an important role in balancing and regulating this process.

It is worth noting that this study investigated the activating role of TGF-β1 on the STAT3-Smad3/CTGF pathway in fibrosis of NRK-49F cells. However, some other studies have shown that TGF-β1 can also transmit signals through non-Smad pathways. Understanding these signal transductions can provide a more comprehensive understanding of the mechanism of renal fibrosis. Non-Smad pathways include the MAPK pathway and the PI3K/AKT pathway, among others. Studies by Wang et al. [39] and Zhu et al. [40] have shown that TGF-β1 can mediate the MAPK pathway in renal interstitial fibrosis and mediate the epithelial-mesenchymal transition (EMT). In addition, TGF-β1 can also affect the balance of cell survival and apoptosis through the PI3K/AKT pathway, affecting the development of renal tubulointerstitial fibrosis [41,42]. In summary, the occurrence of renal fibrosis is influenced by complex cross-talk between multiple pathways. Further research on these cross-talk mechanisms and regulations will contribute to a deeper understanding of the pathogenesis of renal fibrosis and provide a theoretical basis for the development of new treatment strategies.

Although our study has provided a new perspective on the treatment of renal fibrosis, it is still unknown whether lncRNA LOC103694972 can be used as a clinical treatment target. Therefore, our future research aims to explore the clinical significance of lncRNA LOC103694972 in renal fibrosis in more detail.

During our study, we discovered a novel lncRNA called LOC103694972. We found that silencing LOC103694972 could enhance the expression of miR-29c-3p. Furthermore, increasing the expression of miR-29c-3p significantly inhibited the activity of STAT3. Through the STAT3-Smad3/CTGF pathway, miR-29c-3p demonstrated the ability to alleviate fibrosis in NRK-49F cells. These findings provide a fresh perspective for understanding the underlying mechanisms of renal fibrosis.
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TABLE 1

The primer sequences

Genes Forward primer (5') Reverse primer (3')

B-actin ACATCCGTAAAGACCTCTATGCC TACTCCTGCTTGCTGATCCAC

58 GCCTACAGCCATACCACCCGGAA CCTACAGCACCCGGTATCCCA
LOC103694972 ACCTGAGAAGAGGTTGTCTGTG CTGAAAACAGGCCATCTGTGT
MMP2 AGGGCACCTCTTACAACAGC CCCGGTCATAATCCTCGGTG
MMP9 CCCCGAGACCTGAAAACCTCCAAC GGCCTTTAGTGTCTCGCTGTCCA
miR-29¢-3p GGCTGACCGATTTCTCCTGG TCCCCCTACATCATAACCGATTT
TIMP-1 CGCTAGAGCAGATACCACGA AGCGTCGAATCCTTTGAGCA
STAT3 ATGTCCTCTATCAGCACAACC GACTCTTCCCACAGGCATCGG
Smad3 CACGCCACACCGAGATCCC CTCCATCTTCACTCAGGTAGCCA

CTGF

ATAGCCTCAAACTCCAAACACC

CTGATCCATTGCTTTACCGTCT
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