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Abstract

:

Transforming growth factor-β receptor II (TGFBR2), the type II receptor of the TGF-β/SMA- and MAD-related protein (SMAD) signaling pathway, plays a crucial role in TGF-β signal transduction and is regulated by multiple factors. Nevertheless, the modulation of the non-coding RNA involved in the process of TGFBR2 expression in ovaries is not well studied. In our study, we isolated and characterized the 3′-untranslated region (UTR) of the porcine TGFBR2 gene and microRNA-1306 (miR-1306) was identified as the functional miRNA that targets TGFBR2 in porcine granulosa cells (GCs). Functional analysis showed that miR-1306 promotes apoptosis of GCs as well as attenuating the TGF-β/SMAD signaling pathway targeting and impairing TGFBR2 in GCs. Moreover, we identified the miR-1306 core promoter and found three potential SMAD4-binding elements (SBEs). Luciferase and chromatin immunoprecipitation (ChIP) assays revealed that the transcription factor SMAD4 directly binds to the miR-1306 core promoter and inhibits its transcriptional activity. Furthermore, the TGF-β/SMAD signaling pathway is modulated by SMAD4 positive feedback via inhibition of miR-1306 expression in GCs. Collectively, our findings provide evidence of an epigenetic mechanism that modulates as well as mediates the feedback regulation of the classical TGF-β/SMAD signaling pathway in GCs from porcine ovaries.
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1. Introduction


The transforming growth factor beta (TGF-β)/SMA- and MAD-related protein (SMAD) signaling pathway plays a significant role in regulating numerous processes in the cell, including cellular proliferation [1], differentiation [2], and the cell cycle [3], as well as apoptosis [4], by introducing extracellular signal transduces into the cell nucleus. The classic TGF-β/SMAD signaling pathway consists of a ligand (TGF-β1) and two transmembrane serine-threonine kinase receptors, namely TGF-β receptor I (TGFBR1 or ALK5) and TGF-β receptor II (TGFBR2), as well as SMADs (SMAD2/3/4). Activation of the signal depends on the interaction between the ligand and TGFBR2 leading to the dimerization of TGFBR2 and TGFBR1. During this process, TGFBR1 is phosphorylated and activated by the kinase activity of TGFBR2. Activated TGFBR1 phosphorylates downstream molecules SMAD2 and SMAD3, subsequently leading to the formation of a trimeric complex with SMAD4. Finally, this complex translocates into the nucleus and modulates downstream gene transcription in response to extracellular signals [5]. Therefore, as a core transmembrane receptor, TGFBR2 plays a significant role in the TGF-β signal transduction. For example, odontoblast-specific TGFBR2 conditional knockout in mice results in the loss of responsiveness to TGF-β along with inactivation of the TGF-β/SMAD pathway, causing impaired matrix formation and pulpal obliteration in odontoblasts [6]. The mutational inactivation of TGFBR2 can inhibit TGF-β/SMAD signaling pathway activity and its tumor-suppressing ability, thereby promoting colon cancer [7]. Besides, down-regulation of TGFBR2 by using TGFBR2-specific small interfering RNAs (siRNAs) or a small-molecule inhibitor ablates the TGF-β signal-mediated process [8,9].



The expression of TGFBR2, in vivo or in vitro, is controlled by multiple factors, including genetic and epigenetic factors [10,11,12,13]. At the genetic level, for instance, the TGFBR2 protein was truncated and inactivated because of TGFBR2 mutations, thus inhibiting its growth regulatory functions in microsatellite instability-high (MSI-H) cancers [14]. Besides, TGFBR2 is also known to be regulated by several transcription factors such as zinc finger protein 32 (ZNF32) [15] and/or co-activators such as yes-associated protein 1 (YAP-1) [16]. At the epigenetic level, TGFBR2 expression is widely regulated by various factors, such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) [17,18]. For example, miR-93 down-regulates its target gene, TGFBR2, in prostate cancer and leads to acceleration of cell growth and invasion [19]. miRNA-520f and miR-7 are known to suppress TGFBR2 and inhibit epithelial–mesenchymal transition of epithelial cells [20,21]. Furthermore, lncRNAs usually regulate TGFBR2 expression by interacting with miRNAs. A recent study reported that lnc-small nucleolar RNA host gene 1 (lnc-SNHG1), an overexpressed lncRNA found in the tumor tissues and cells lines originating from invasive pituitary cancer, directly binds to miR-302/372/373/520 and promotes expression of their common target, TGFBR [22].



In our previous study, we demonstrated that miR-425 interacts with the classical TGF-β/SMAD signaling pathway by directly targeting TGFBR2 and suppressing its expression in granulosa cells (GCs) of the porcine ovary [9]. However, further investigation was required to understand the regulatory role of miRNAs in TGFBR2 expression in GCs. In this study, we isolated and characterized the 3′-untranslated region (UTR) of the porcine TGFBR2 gene and further identified the potential miRNAs that target TGFBR2 in GCs. Our findings provide additional evidence of epigenetic mechanisms that regulate the TGF-β signaling pathway in GCs.




2. Materials and Methods


2.1. Reagents


Porcine TGF-β1 was obtained from R&D Systems (Minneapolis, MN, USA). SMAD4-siRNA, TGFBR2-siRNA, miR-1306 mimics, miR-1306 inhibitors, and their negative control (NC) (NC-siRNA, mimic NC and inhibitor NC) were synthesized and purified by GenePharma (Shanghai, China) (Supplementary Table S1). Antibodies against phospho-SMAD3 (p-SMAD3) (Catalog #D155153-0025), TGFBR2 (Catalog #D151818-0025), SMAD3 (Catalog #D155234-0100), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Catalog #D198662-0100), horseradish peroxidase (HRP)-conjugated mouse anti-rabbit (Catalog #D110065-0100), and HRP-conjugated goat anti-mouse immunoglobulin G (IgG) (Catalog # 110087-0100) were purchased from Sangon Biotech (Shanghai, China). Dulbecco’s minimum essential medium/nutrient F-12 (DMEM/F-12), fetal bovine serum (FBS), and Opti-MEM were purchased from Gibco (USA). Phosphate-buffered saline (PBS) was obtained from HyClone (USA). Lipofectamine 2000 was obtained from Invitrogen (Carlsbad, CA, USA). The protease and phosphatase inhibitors were purchased from Roche (Basel, Switzerland).




2.2. Cell Culture and Transfection


Fresh ovaries were procured from mature sows, which reached the laboratory within 1 h of collection. GCs were harvested from suitable follicles using a procedure described previously [23]. These GCs were seeded into 6-well or 12-well plates and cultured with DMEM/F-12 supplied with 15% FBS in a humidified atmosphere at 37 °C with 5% CO2. After 12 h of culture, the porcine GCs were transfected with the appropriate plasmids or oligos using Lipofectamine 2000 and Opti-MEM according to the manufacturer’s protocol. All animal-related experiments were approved by the Animal Ethics Committee at Nanjing Agricultural University, China.




2.3. Rapid Amplification of Complementary DNA (cDNA) Ends (RACE)


RACE was done to obtain the full-length TGFBR2 3′-UTR according to the instructions provided in the SMARTer® RACE 5′/3′ Kit (TaKaRa, Beijing, China). We introduced a “smart oligo” at the 3′-ends of the reverse-transcribed cDNAs to prepare the 3′ RACE library. The gene-specific oligonucleotide (GSP) AAGGGCGCTTTGCCGAGGTCTATAA was used to amplify the 3′-end of the TGFBR2 gene from the 3′ RACE library. The products were analyzed using electrophoresis with 1.5% agarose gel and purified by DNA gel Extraction kit (TsingKe, Beijing, China). Purified TGFBR2 3′-UTR fragment from 3′ RACE assay was cloned into the pClone007 Blunt Vector (TsingKe, Beijing, China) and verified by sequencing.




2.4. Bioinformatic Analysis


The putative MRE of TGFBR2 3′-UTR was predicted by RNA hybrid. miRBase was used to obtain the pre- and mature miRNA sequences. miRWalk 2.0 and TargetScan v7.1 was used to predict the miR-1306 targets. Promoter 2.0 Prediction Server was used to predict the promoter of the porcine miR-1306. The binding sites for transcription factors of miR-1306 was predicted by JASPAR server.




2.5. RNA Isolation and Quantitative RT-PCR (qRT-PCR)


Total RNA was isolated from follicles and cultured GCs using TRIzol reagent (Invitrogen, USA), and then reverse-transcribed to cDNA using the PrimeScript™ RT Master Mix (Perfect Real Time) (Takara, Beijing, China) according to the manufacturer’s protocol. qRT-PCR was performed in triplicate with AceQ qPCR SYBR Green Master Mix (Takara, Beijing, China) using the ABI Step One system (Applied Biosystems, Foster City, CA, USA) according to the manufacture’s instruction. The mRNA levels of TGFBR2 and DiGeorge Syndrome Chromosomal Region 8 (DGCR8) were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 small nuclear RNA (U6) was used as the internal control for miRNA. The 2−ΔΔCT method was used to normalize the relative levels of the target genes. The details of all the primers for qRT-PCR used in this study are provided in Supplementary Table S2.




2.6. Western Blotting


Porcine GCs were lysed in radioimmunoprecipitation assay (RIPA) (Bioworld, Nanjing, China) containing 1% phosphatase inhibitor (v/v). The protein concentration was determined by the BCA Protein Assay Kit (Beyotime, Shanghai, China) and diluted to the same concentration using the 5 × Protein Loading Dye (Sangon, Shanghai, China). Total protein extracts were separated on using SDS-PAGE on 12% gels and electrophoresed for 1 h. Following that, the total protein was transferred onto a PVDF membrane (Millipore, Billerica, MA, USA) and the membrane was blocked with 5% non-fat milk for 2 h. After washing with tris buffered saline tween (TBST) for 15 s, the membrane was incubated with primary antibodies (1:1000 dilution) at 4 °C for 12 h. After that, the membrane was washed thrice for 10 min each time using TBST and incubated with the appropriate secondary antibodies (1:2000 dilution). Chemiluminescence was detected by WesternBrightTM BCL (Advansta, Menlo Park, CA USA).




2.7. Apoptosis Analysis


48 h after transfection, GCs were harvested, and a cell-counting machine (Becton Dickinson, USA) was used for detection of apoptotic cells based on the principle of fluorescence-activated cell sorting (FACS). According to the manufacturer’s protocol (Vazyme, Shanghai, China), the apoptosis rate was detected by flow cytometry with the fluorescein isothiocyante (FITC) and propidium iodide (PI) signals. The FlowJo v7.6 software (Stanford University, Stanford, CA, USA) was used to analyze the results.




2.8. Plasmid Construction


We had previously constructed the overexpression plasmids (pcDNA™3.1 (pcDNA3.1)-SMAD4 and pcDNA3.1-TGFBR2) [9,24]. The different fragments of miR-1306 promoter were amplified and cloned into NheI and SacI sites in pGL-3 reporter vector (Promega). The mutant plasmids were generated by TreliefTM SoSoo Cloning Kit (TsingKe, Beijing, China) according to manufacturer’s protocol. The successful mutations were identified by sequencing technology. The primer details are given to Supplementary Table S3.




2.9. Luciferase Reporter Assays


After a transfection period of 24 h, the cells and lysates were collected. A Dual-Luciferase Reporter Assay System (Promega) was used to quantify luciferase activities following the manufacturer’s instructions. Firefly luciferase activity was normalized to Renilla luciferase activity.




2.10. Chromatin Immunoprecipitation


In total, 1 × 107 porcine GCs were collected and 1% formaldehyde was added to crosslink the protein and the chromatin. The collected cells were placed on ice and sonicated for 5 min (10 s interval on and off) by 30% output control with a 3-mm microtip. The sonicated protein-chromatin complex (~800 μL) was centrifuged at 10,000 rpm and 100 μL of the supernatant were collected as input control. Then, 400 μL of the supernatant were diluted 2.5-fold and incubated with 100 μL protein A/G-agarose (Santa Cruz, #sc-2003) by shaking for an hour at 4 °C. This mixture was then centrifuged and the purified supernatant was transferred into a new dolphin tube. Then, 10 μL (~4 μg) of anti-SMAD4 antibody or rabbit IgG antibody were added into each sample and incubated by shaking at 4 °C overnight. The reversal of crosslinking was done using 16 μL NaCl (5M) at 100°C for 10 min and the proteins were dissolved with 10 μL proteinase K at 50 °C for an hour. Then, DNA was released and precipitated with chloroform-isoamylalcohol method. Following, the enrichment of miR-1306 promoter was determined by using qRT-PCR. The primers for chromatin immunoprecipitation (ChIP) are listed in Supplementary Table S4.




2.11. Statistical Analysis


All results are presented as means ± SEM. Statistical analysis was carried out by using Prism 5 software (GraphPad Software). The significance of the comparison between the two groups were assessed by Two-tailed Student’s t-test. p < 0.05 was considered as significant statistical difference.





3. Results


3.1. Identification and Characterization of the 3′-UTR of the Porcine TGFBR2 Gene


To characterize the 3′ regulatory region of the porcine TGFBR2 gene, we isolated its 3′-UTR sequence by using a RACE assay and found only one clear band, approximately 3400 bp in length (Supplementary Figure S1). Clone sequencing and sequence alignment showed that the full length 3′-UTR of the porcine TGFBR2 gene was 2381 bp, with 94.73% nucleotide identity with the pig genome sequence (GenBank ID: XM_021071493.1), excluding 24 bp of polyA tail (PAT) sequence (Supplementary Figure S2). Porcine TGFBR2 3′-UTR is highly consistent with that found in mammals, such as humans (79.79%, GenBank ID: NM_001024847.2), cattle (60.47%, GenBank ID: NM_001159566), and sheep (27.55%, GenBank ID: XM_012099307). The polyA signal (PAS) (AAUAAA) is located 28 nucleotides before the PAT sequence. In addition, this region contains several classic elements, like GU-Rich Element (GRE) (UUGUU) and AU-Rich Element (ARE) (AUUUA), and a CAA Repeat ((CAA)6) (Supplementary Figure S2). Moreover, the miRNA response elements (MREs) for 160 candidate miRNAs were identified on the 3′-UTR of porcine TGFBR2 mRNA (Supplementary Table S5) using an online program, RNAhybrid. Among them, miR-1306 not only had the highest binding capacity with the porcine TGFBR2 3′-UTR but was also observed to target porcine TGFBR2 gene [9]. Therefore, we chose miR-1306 for further studies.




3.2. miR-1306 Targets the TGFBR2 3′-UTR in GCs


Porcine miR-1306 or ssc-miR-1306 is positioned on the first exon of DGCR8 gene on the chromosome 14 in pigs, similar to other vertebrates (Supplementary Figure S3). Sequence alignment revealed that pre-miR-1306 sequence was highly consistent with other vertebrates, and the mature as well as seed sequences were identical in vertebrates (Figure 1A). To understand the biological functions of miR-1306, we utilized various algorithms to predict its potential target genes. A total of 150 common target genes were found (Supplementary Table S6), which are mainly expressed during biological processes such as cancer, apoptosis, and metabolism, according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (Figure 1B).



Our previous study demonstrated that the TGFBR2 gene is directly targeted by miR-1306 in porcine GCs [9]. To evaluate whether TGFBR2 is a functional target of miR-1306, we overexpressed and silenced the endogenous miR-1306 level in porcine GCs cultured in vitro by treating with both miR-1306 mimics and miR-1306 inhibitors (Supplementary Figure S4). qRT-PCR and Western blotting results proved that overexpression of miR-1306 significantly reduced the TGFBR2 mRNA (Figure 1C) and protein levels in GCs (Figure 1D). On the other hand, when miR-1306 was silenced in porcine GCs, the opposite result was seen (Figure 1E,F). In addition, the miR-1306 level was found to be negatively correlated with TGFBR2 mRNA level in the follicles of porcine ovaries (Figure 1G). These results suggest that miR-1306 targets the TGFBR2 3′-UTR in porcine GCs.




3.3. miR-1306 Suppresses TGF-β/SMAD Signaling Pathway by Inhibiting TGFBR2


Further, we detected the levels of a downstream member of the classical TGF-β/SMAD pathway, p-SMAD3, which also acts as a marker for the pathway in porcine GCs. miR-1306 mimics or miR-1306 inhibitor were transfected into GCs and the levels of p-SMAD3 in the transfected cells were analyzed. Western blot analysis showed that p-SMAD3 levels were dramatically reduced in GCs when miR-1306 was overexpressed (Figure 2A), while p-SMAD3 levels in the GCs increased when miR-1306 was inhibited (Figure 2B). Next, we analyzed whether TGFBR2 mediated the modulation of the miR-1306 levels during the TGF-β/SMAD signaling pathway. As expected, we discovered that TGFBR2 overexpression rescued the miR-1306 levels by suppressing down-regulation of p-SMAD3 level induced by the miR-1306 mimics (Figure 2C), while knockdown of TGFBR2 inhibited the miR-1306 inhibitor-mediated enhancement in p-SMAD3 level in GCs (Figure 2D). These findings suggest that miR-1306 suppresses TGFBR2 to modulate the TGF-β/SMAD signaling pathway in porcine GCs.




3.4. miR-1306 Promotes GC Apoptosis by Targeting TGFBR2


Based on the KEGG analysis results revealing that miR-1306 may participate in apoptosis, we further investigated its role in apoptosis in porcine GCs. FACS assay showed that overexpression of miR-1306 significantly improved the GC apoptosis rate (Figure 3A), while a decrease in miR-1306 levels reduced it (Figure 3B). This suggests that miR-1306 can promote apoptosis of porcine GCs. Further, studies have shown that GC apoptosis is associated with follicular atresia. Therefore, miR-1306 level in follicles during follicular atresia of porcine ovary was measured. We discovered that the expression level of miR-1306 was remarkably increased during follicular atresia (Supplementary Figure S5). Our data shows that GC apoptosis and follicular atresia were regulated by miR-1306 in porcine ovary, both in vitro and in vivo.



Both miR-1306 mimics and TGFBR2-siRNA were co-transfected into porcine GCs to determine whether TGFBR2 mediates miR-1306-induced GC apoptosis or not. Our findings suggest that silencing of TGFBR2 could improve GC apoptosis caused by miR-1306 (Figure 3C). Furthermore, we co-transfected the GCs with miR-1306 inhibitor and pcDNA3.1-TGFBR2 and found that overexpression of TGFBR2 decreased the GC apoptosis rate (Figure 3D). Our findings show that GC apoptosis was regulated by miR-1306 in pigs by targeting TGFBR2.




3.5. Transcription Factor SMAD4 Regulates miR-1306 Transcriptional Activity, but Does Not Depend on its Host Gene DGCR8


To understand the mechanism by which miR-1306 was up-regulated during follicular atresia, we focused on its transcriptional regulation and promoter region. miR-1306 is transcribed from exon 1 of the porcine DGCR8 gene and suppressed by the transcription factor SMAD4 in porcine GCs [9]. Therefore, we first investigated whether miR-1306 shares a common promoter with its host gene DGCR8. We found that inhibition of SMAD4 significantly raised miR-1306 expression but had no effect on DGCR8 expression in GCs (Figure 4A), indicating that miR-1306 has its own promoter and does not share a common promoter with its host gene DGCR8 in porcine GCs.



Further, we identified the core promoter of the porcine miR-1306. The putative promoter of the porcine miR-1306 was predicted by using University of California, Santa Cruz (UCSC) database (Supplementary Figure S6A,B). Luciferase assay indicated that the region from −230 nt to 699 nt is the core promoter of porcine miR-1306 gene (Figure 4B,C). Furthermore, we observed that the activity of miR-1306 gene core promoter was dramatically suppressed by SMAD4 overexpression (Figure 4D), suggesting that miR-1306 gene transcriptional activity is regulated by SMAD4. Taken together with the results of our previous study [9], we conclude that the transcription factor SMAD4 attenuates miR-1306 expression in porcine GCs by inhibiting its transcriptional activity.




3.6. SMAD4 Binds Directly to the miR-1306 Promoter to Inhibit its Transcriptional Activity


We also identified and characterized the core promoter of the porcine miR-1306 gene as well as the binding regions for transcription factors such as breast cancer 1 (BRCA1), Sp1 transcription factor (SP1), and upstream transcription factor 2 (USF2) (Supplementary Figure S7). We detected four SMAD4-binding elements (SBEs) (Figure 5A), indicating that SMAD4 may act as a transcription factor and regulate miR-1306 transcription. To confirm this, recombinant reporter vectors containing SBEs (wild-type or mutant-type) were constructed (Figure 5B) and co-transfected along with SMAD4 overexpression into the porcine GCs. Results showed that the luciferase activity of plasmids with the wild-type SBE, SBE1-mut, and SBE4-mut were dramatically enhanced after SMAD4 overexpression, but that of the SBE2/3-mut construct remains the same (Figure 5C), suggesting that SMAD4 inhibits miR-1306 transcriptional activity via SBE2/3 motif of the core promoter. Subsequently, using a ChIP assay, we confirmed that only the SBE2/3 motif within the miR-1306 promoter could specifically bind to SMAD4 (Figure 5D). Collectively, these results provide compelling evidence that SMAD4 directly interacts with SBE2/3 motif and inhibits the miR-1306 gene transcription in GCs.




3.7. SMAD4 Feedback Activates TGFBR2 by Inhibiting miR-1306


The above results prove that TGFBR2 is a functional target of miR-1306 and SMAD4 directly inhibits miR-1306 transcription. Therefore, miR-1306 expression may be mediated through SMAD4 feedback regulation of TGFBR2. To further confirm this, we co-transfected miR-1306 inhibitor with SMAD4-siRNA and miR-1306 mimics with pcDNA3.1-SMAD4 into the GCs. After detection, we found that the knockdown of SMAD4 dramatically suppressed miR-1306 inhibitor-induced increase in TGFBR2 protein expression (Figure 6A). In contrast, the overexpression of SMAD4 rescued the miR-1306-induced decrease in TGFBR2 protein expression (Figure 6B), indicating that SMAD4 feedback activates TGFBR2 by decreasing miR-1306. Further, we tested whether miR-1306 expression levels are affected by the TGF-β/SMAD signaling pathway. Our results showed that the miR-1306 levels sharply reduced in the GCs treated with 20 ng/mL of TGF-β1 (TGF-β/SMAD signaling pathway activation) (Figure 6C). Therefore, miR-1306 can interact with SMAD4 and TGFBR2, which further participates in SMAD4-mediated positive feedback regulation of the classical TGF-β/SMAD signaling pathway in GCs.





4. Discussion


TGFBR2 is known to be the first receptor to be activated in the classical TGF-β/SMAD signaling pathway and it mediates the effects of TGF-β ligands (TGF-β1) by forming a receptor–receptor complex with TGFBR1, also named ALK5. Actually, ALK1 could also act as partner of TGFBR2 [25] but ALK1 mediates the phosphorylation of SMAD1/5/8 [26] and activates SMAD2/3 only in the presence of ALK5, which is essential for SMAD2/3 phosphorylation [27]. In this study, we identified and characterized the 3’-UTR of porcine TGFBR2 gene and observed several response elements such as ARE, GREs, and MREs for the first time. It is well known that the levels of mRNAs are largely controlled by mRNA decay mechanisms including mRNA decay induced or inhibited proteins and small regulatory RNAs [28,29]. Furthermore, some cis-elements in the mRNAs 3’-UTRs are also known to mediate the regulation of mRNA decay, such as PAT [29,30], ARE [31], iron-responsive element (IRE) [32], GRE [33], and MRE [34]. Many studies have demonstrated that the expression of TGFBR2 is modulated by MREs and their miRNAs in various cell types, such as miR-145 in vascular smooth muscle cells [35], miR-9-5p in hepatic stellate cells [36], miR-9 and miR-9-5p fibroblasts (HCFs) [6,37], miR-520e, miR-9-5p, and miR-135b in cancer cells [38,39,40]. Notably, miR-143 [23], miR-130a, miR-425, and miR-1306 [9] are known to target TGFBR2 in porcine GCs. However, currently there are no studies investigating the involvement of other cis-elements like PAT, ARE, and GRE in TGFBR2 mRNA decay.



Our previous study proved that miR-1306 targets the TGFBR2 3′UTR in pigs [9]. In this study, we further confirmed that TGFBR2 is a functional target of miR-1306 in porcine GCs and miR-1306 promotes GC apoptosis by impairing TGFBR2 and inactivating TGFBR2-dependent TGF-β/SMAD signaling pathway. TGFBR2 and TGFBR2-dependent TGF-β/SMAD pathway participate in GC apoptosis, as observed in several studies conducted on mammals. In pigs, for instance, TGFBR2 is a crucial repressor of GC apoptosis [9]. Furthermore, TGF-β1 could activate TGF-β/SMAD pathway and inhibit GC apoptosis, while blocking the TGF-β/SMAD signaling pathway by a specific inhibitor such as LY2157299, which can promote GC apoptosis [23,41]. Similarly, the TGF-β/SMAD signaling pathway is also known to play an important role in GC apoptosis in mammals such as humans and rodents [42,43,44,45]. While the function of miRNA-1306 has been seldom reported, studies have strongly suggested that miRNA-1306 can target and inhibit ADAM10 gene, a key gene of Alzheimer’s disease (AD) [46]. Our findings define the function of miR-1306 in GC apoptosis as well as follicular atresia in mammals. The results of our study also proved that miR-1306 might serve as a molecular stimulator for female fertility. Moreover, our findings reveal the mechanism of action of miR-1306 in GCs as well as its ovarian functions.



mRNAs are ubiquitous in the genome of eukaryotes and occur within intragenic regions such as introns and exons, or within intergenic regions. The proportion of intragenic miRNAs varies from approximately 33% in pigs to 55% in mouse, and most of them are intronic miRNAs, while very few are exonic miRNAs [47]. The transcriptional regulation and functions of intragenic miRNAs and their host genes has been a hot topic of research [48,49]. Most intronic miRNAs are seen to co-express and are functionally consistent with their host genes [48,50,51]. A recent study showed that the transcription of intronic miRNAs does not depend on host genes and their functionally coordination is less extensive than expected [52]. However, the relationship between exonic miRNAs and their host genes still remains unknown [53]. Our study suggests that although the transcription of miR-1306, which is an exonic miRNA, is suppressed by the transcription factor SMAD4, its host gene DGCR8 is not regulated by SMAD4 in porcine GCs. Furthermore, we also demonstrated that miR-1306 has its own internal promoter that is independent of the host gene, and that SMAD4 serves as a negative regulatory factor and suppresses miR-1306 by directly binding to SBE motif within this promoter region. Therefore, our findings provide strong evidence that the exonic miR-1306 is transcribed independently of the host gene in porcine GCs. This not only clarifies the relationship between miR-1306 and its host gene DGCR8 but also lays a foundation for the further understanding of its regulatory mechanism.



Notably, our study shows that miR-1306 is not only regulated by SMAD4 but also targets TGFBR2, a key receptor upstream of SMAD4, suggesting that miR-1306 mediates SMAD4-positive feedback regulation of the classical TGF-β/SMAD signaling pathway which was discovered in 2016 [54]. Recently, a few reports have revealed the mechanism of this feedback regulation, which was found to be mediated by the miR-122-5p–TGFBR2 axis in mouse skeletal muscle fibrosis [55] or by the miR-425-TGFBR2 axis in porcine GCs [9]. Among the classical TGF-β/SMAD signaling pathway, SMAD2 and SMAD3, another two SMAD proteins, were found to be feedback regulators in as early as 2001 and 1999, respectively [56,57]. This feedback regulation has recently been demonstrated to be achieved through the miRNA–TGFBR2 axis (e.g., the miRNA-520e–TGFBR2 axis) [38]. This suggested that TGFBR2 is an important target in the feedback regulation of the SMAD protein from the classical TGF-β/SMAD signaling pathway. Another key receptor, TGFBR1, is a primary target of SMAD7 (an inhibitory SMAD protein [58]), which further regulated the classical TGF-β/SMAD signaling pathway through negative feedback regulation. SMAD7 has been seen to regulate TGFBR1 through negative feedback in many ways [59]. In one of our recent studies, we have shown that SMAD7 directly binds to the promoter of TGFBR1 and further inhibits its transcription in porcine GCs [60].




5. Conclusions


In conclusion, we proved that the pro-apoptotic factor miR-1306 controls porcine GC apoptosis by targeting TGFBR2 and inactivating the TGF-β/SMAD signaling pathway. Our findings pave the way for a potential non-hormonal target or drug therapy candidate for improving female fertility. Moreover, the transcription factor SMAD4 was identified as a transcriptional regulator of the exonic miR-1306, but this process is not independent of its host gene DGCR8. Our findings also reveal a feedback mechanism of the classical TGF-β/SMAD signaling pathway (Figure 6D) and provide novel insights into feedback regulation within the classical TGF-β/SMAD signaling pathway.
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Figure 1. MicroRNA-1306 (miR-1306) inhibits endogenous transforming growth factor-β receptor II (TGFBR2) expression in porcine granulosa cells (GCs). (A) Multiple-sequence alignment of pre-miR-1306 from six different species. miR-1306 mature sequences are indicated by black asterisks. Seed sequences of miR-1306 are indicated in red boxes. S. scrofa, Sus scrofa; B. Taurus, Bos taurus; G gorilla, Gorilla gorilla; H.sapiens, Homo sapiens; M.musculus, Mus musculus; R norvegicus, Rattus norvegicus. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showing the pathways targeted by miR-1306. (C,E) Results of Quantitative RT-PCR (qRT-PCR) showing TGFBR2 mRNA levels and (D,F) Western blotting results showing the TGFBR2 protein levels after miR-1306 mimics or inhibitor were transfected into porcine GCs, respectively (G) Correlation analysis between miR-1306 and TGFBR2 (n = 12). The data is represented by mean ± SEM. * indicates p < 0.05; ** indicates p < 0.01. 
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Figure 2. miR-1306 inactivates the transforming growth factor-β (TGF-β)/ SMA- and MAD-related protein (SMAD) signaling pathway in GCs by impairing TGFBR2. (A,B) Western blotting results showing levels of phospho-SMAD3 (p-SMAD3) and total-SMAD3 (t-SMAD3) protein after transfection of miR-1306 mimics or miR-1306 inhibitors into porcine GCs, respectively. (C,D) Western blotting results showing levels of p-SMAD3 and T-SMAD3 protein when both miR-1306 and TGFBR2 were overexpressed or silenced in porcine GCs. Each experiment has three independent repetition and results are shown as mean ± SEM. * indicates p < 0.05; ** indicates p < 0.01. 
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Figure 3. miR-1306 acts as an apoptotic factor in porcine GC through targeting TGFBR2. (A,B) Results showing the levels of GC apoptosis was (A) increased when cells were treated with mimic and (B) inhibited when cells were treated with miR-1306 inhibitor. The apoptotic cells were measured by fluorescence-activated cell sorting (FACS) (left panel) and the positive rates were calculated (right panels). (C,D) miR-1306 regulates GC apoptosis by inhibiting TGFBR2. (C) miR-1306 and TGFBR2 were both overexpressed or (D) silenced in porcine GCs. The apoptotic cells were identified by FACS (left panels) and the positive rates were calculated (right panel). Each experiment has three independent repetition and results are shown as mean ± SEM. * indicates p < 0.05; ** indicates p < 0.01. 
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Figure 4. SMAD4 suppresses miR-1306 expression by inhibiting its transcriptional activity independent of its host gene DGCR8. (A) The expression levels of miR-1306 (left) and its host gene DGCR8 (right) after SMAD4 silencing in porcine GCs were measured by qRT-PCR at different time intervals (0, 1.5, 3, 6, 12, 24 h). (B) Diagram depicting the 5′-flanking region of pre-miR-1306 and luciferase reporter vectors containing the candidate promoters of porcine miR-1306. (C) The recombinant vectors shown in panel B were transfected into porcine GCs and luciferase activities were detected. (D) miR-1306 promoter transcriptional activity in GCs treated with pcDNA™3.1 (pcDNA3.1)-SMAD4 was determined by Dual-Luciferase Activity Assay. Each experiment has three independent repetitions and results are shown as mean ± SEM. * indicates p < 0.05 and ** indicates p < 0.01. 
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Figure 5. SMAD4 acts as a transcription factor and directly binds to the miR-1306 promoter. (A) Schematic diagram depicting the genome locations of miR-1306 (yellow) and its host gene DGCR8 (blue), and the four potential SMAD4-binding sites are shown inside the black rectangles. (B) The luciferase reporter vectors containing porcine miR-1306 promoter with wild-type (prom-877) or mutant-type SBE motifs, shown in the red boxes. (C) pcDNA3.1-SMAD4 was co-transfected with recombinant vectors in (B) into GCs and luciferase activity assay was performed. (D) Chromatin immunoprecipitation (ChIP) assays and the enrichment were determined by qRT-PCR. Each experiment was independently repeated thrice and results are presented as mean ± SEM. * p means <0.05 and ** means p < 0.01. 
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Figure 6. miR-1306 mediates SMAD4 feedback regulation of the classical TGF-β/SMAD signaling pathway. Results of Western blot analysis showing the TGFBR2 protein level after (A) SMAD4- small interfering RNAs (SMAD4-siRNA) was transfected into miR-1306-inhibited GCs and after (B) pcDNA3.1-SMAD4 was transfected into miR-1306-overexpressed GCs. (C) miR-1306 expression levels in GCs were measured after TGF-β1 (20 ng/mL) treatment. (D) The SMAD4/miR-1306/TGFBR2 axis is involved in SMAD4-mediated positive feedback regulation in classical TGF-β/SMAD signaling pathway. Each experiment was independently repeated thrice and the results are presented as mean ± SEM. * p means <0.05 and ** means p < 0.01. 
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