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Unraveling Stage-Dependent Expression Patterns of Circular RNAs and Their Related ceRNA Modulation in Ovine Postnatal Testis Development
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Circular RNAs (circRNAs) have been shown to function in the reproductive systems including testis. However, their expression, as well as function in testicular development of sheep remain undefined. Herein, we performed RNA sequencing to reveal circRNA temporal expression patterns in testes of Tibetan sheep from different stages of maturation (3M, 3-month-old; 1Y, 1-year-old; 3Y, 3-year-old). A total of 3,982, 414, and 4,060 differentially expressed (DE) circRNAs were uncovered from 3M vs 1Y, 1Y vs 3Y, and 3M vs 3Y, respectively. Functional enrichment assessment indicated that the source genes of DE circRNAs were primarily engaged in spermatogenesis and testicular immune privilege including blood–testis barrier (BTB). We subsequently constructed the core circRNA–miRNA–mRNA interaction network for genes related to testicular function, such as spermatogenesis, germ cell development, BTB, and cell cycle/meiosis. Furthermore, we validated the target associations between either circ_024949, circ_026259 or IGF1, and oar-miR-29b in this network, and revealed their similar expression signatures in developmental testes that they were extensively expressed in germ cells, Leydig cells, and Sertoli cells, thus suggesting their broad functions in the functional maintenance of Leydig cells and Sertoli cells, as well as the development and maturation of male germ cells. Meanwhile, circ_026259 was shown to promote IGF1 expression through inhibition of oar-miR-29b in sheep Sertoli cells. This work gives the first global view for the expression and regulation of circRNAs in sheep testis, which will be helpful for providing new insights into the molecular mechanism of ovine testis function.
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INTRODUCTION

The testis is the only specific organ known to be capable of generating male gametes (spermatozoa), essential for male fertility. In mammals, spermatozoa present in the testis are generated by spermatogenesis, which is subdivided into three distinct phases: mitotic renewal, proliferation, and differentiation of spermatogonia, meiotic progression of spermatocytes, as well as differentiation of haploid spermatids (Zhou R. et al., 2019). Spermatogenesis is a highly coordinated, precise, and dynamic cell differentiation process that is reflected in the complex testicular gene modulation and gene expression processes. The genome of testicular cells is actively transcribed into RNAs that besides protein-coding messenger RNAs (mRNAs), involves many non-coding RNAs consisting of circular RNAs (circRNAs), as well as microRNAs (miRNAs) to regulate and yield the phase-specific gene expression patterns (Kotaja, 2014; Hu et al., 2018).

Circular RNAs are a prominent class of newly discovered closed circular RNA molecules in eukaryotes generated by the alternative shearing of precursor mRNAs (Li et al., 2018). One of the major functions of circRNAs is to modulate miRNA activity by functioning as either a competitive endogenous RNA (ceRNA) or as an miRNA sponge, consequently modulating the gene expression (Zhong et al., 2018). Existing literature shows that circRNAs are participated in diverse biological processes in mammals such as growth (Zhang P. et al., 2019), development (Salzman, 2016; Zhang P. et al., 2019), reproduction (Zhou F. et al., 2019), and immunity (Yang et al., 2018). For instance, circRNA-9119 can function as a endogenous sponge or ceRNA to upregulate the expression of RIG-I and TLR3 in mouse testicular somatic cells (Sertoli cells and Leydig cells) through competitive binding with miR-26a/miR-136, thus contributing to the pro-inflammatory activities in orchitis (Qin et al., 2019). In sheep, mounting research evidence has also shown circRNAs are abundant in the transcriptome of ovine tissues as well like mammary gland (Hao et al., 2020), pituitary (Li et al., 2019), uterus (La et al., 2020), and muscle (Cao et al., 2018), but it is not known whether this exists and functions in ovine testis.

Tibetan sheep (Ovis aries), a well-known Chinese domestic sheep breed, is mainly distributed in Qinghai-Tibet Plateau (QTP) over 3,000 m above sea level, which provides food and livelihoods to the local farmers and herdsmen (Wang et al., 2019), and serves a pivotal role in the QTP ecosystem functions (Jing et al., 2020). Due to the long-term excessive dependence on grazing that lacks supplementary feeding, the main reproductive characteristics of Tibetan sheep are late sexual maturity and low reproductive rates. Hence, insight into the underlying mechanisms of testicular development of male Tibetan sheep is of great significance for the reproductive biology of sheep. Here, we assume that the expressions and functions of these genes are partially or entirely regulated by circRNAs. In order to validate this hypothesis, herein, we explored the dynamic circRNA expression profiling in developmental Tibetan sheep testes at distinct reproductive stages with the aid of high-throughput RNA sequencing (RNA-seq) technology.



MATERIALS AND METHODS


Animals

Overall, 24 healthy male Tibetan sheep (Ganjia, Xiahe, China; altitude >3,000 m) were used in study, divided in three age groups (n = 8 for each age group): 3-month-old (3 M; sexually immature), 1-year-old (1Y; sexually mature), and 3-year-old (3Y; adult). The right testes were harvested immediately after sacrifice of all animals, briefly washed with PBS, and deep-frozen quickly in liquid nitrogen for RNA and protein extraction or fixed in 4% paraformaldehyde for making paraffin sections.



RNA Isolation, Library Preparation, and circRNA Sequencing

The Trizol reagent (Invitrogen, United States) was employed to extract the total RNA and their concentration and quality were explored by NanoDrop Spectrophotometer (NanoDrop, United States), Agilent 2100 Bioanalyzer (Agilent Technologies, United States), as well as RNase free agarose gel electrophoresis. Of eight RNA samples for each age group, four were selected randomly for RNA-seq, and all samples were used for qPCR validations. For RNA-seq, ribosomal RNA (rRNA) was depleted with a Ribo-Zero Gold rRNA Removal Kit (Illumina, United States). The remaining RNAs were used to construct the strand specific sequencing library. Briefly, RNAs were fragmented (approximately 200 bp), then converted into 1st-strand cDNA via reverse transcription with random hexamer primers. Next, the 2nd-strand cDNA was processed with dNTPs, RNase H, DNA polymerase I, and buffer. QiaQuick PCR was used to purify the cDNA fragments, and then end repaired and base A introduced, and ligated into Illumina sequencing adapters. Then, the 2nd-strand cDNA was depleted by the UNG enzyme (Uracil-N-Glycosylase). The digested products were size-selected and PCR amplified to generate RNA-seq libraries, followed by sequencing on an Illumina HiSeq4000 system (150-bp paired-end reads; Illumina, United States) at Gene Denovo Co., Guangzhou, China.



Identification of circRNAs

The clean reads were acquired by discarding low-quality reads, including reads with adapters, reads bearing greater than 10% of unknown bases (N) and reads with greater than 50% of low-quality (Q-value ≤ 20) bases. We mapped the resulting high-quality reads to the sheep Oar_v4.0 reference genome using TopHat2 (Kim et al., 2013). The 20 bp sequences from the two ends for each unmapped read (Anchors reads) were re-aligned to the reference genome with bowtie2 aligner, and subsequently submitted to Find_Circ software (Memczak et al., 2013) with default parameters to identify circRNA.



Functional Annotation and Enrichment Analysis of circRNA Source Genes

The previous literature review showed that one of the functions of CircRNAs is realized through modulating the expression of its source gene (Qu et al., 2015; Shao et al., 2021). To interpret the potential biological roles of circRNAs, Gene Ontology (GO) annotation, as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of circRNA source genes were thus carried out using GO web resource (http://www.geneontology.org/) and KEGG web portal (http://www.genome.jp/kegg/pathway.html).



Quantification of circRNA Abundance and Differential Expression Evaluation

The expression abundance of the identified circRNAs was computed by RPM (reads per million mapping) method. EdgeR package in R1 was employed to obtain the differentially expressed (DE) circRNAs between every two age groups. The circRNAs with a | fold change| > 2.0 and p-value <0.05 were regarded as significant differentially expressed.



Integrated Analysis of circRNAs–miRNAs–mRNAs

Based on our previous Illumina HiSeq miRNA and mRNA sequencing data from the same samples (NCBI SRA accessions for mRNA sequencing data: SRR11397689-SRR11397700; NCBI SRA accessions for mRNA sequencing data: SRR11348536-SRR11348547), the associations between circRNAs/mRNAs and miRNAs were estimated by using Mireap,2 TargetScan 7.0,3 as well as Miranda.4 CircRNA-miRNA-mRNA ceRNA regulatory network was built as per the following criteria: (1) Expression association between circRNA-miRNA or mRNA-miRNA was assessed by Spearman rank correlation coefficient (SCC); we selected the pairs with SCC < −0.7 as negatively co-expressed circRNA–miRNA pairs or mRNA–miRNA pairs. (2) Expression association between circRNA-mRNA was determined via Pearson correlation coefficient (PCC); we selected the pairs with PCC > 0.9 as co-expressed circRNA–mRNA pairs. (3) The p-value was computed based on a hypergeometric cumulative distribution function test to assess shared miRNA sponges between circRNA–mRNA; we chose the pairs with a p-value of <0.05 as final ceRNA pairs. For these mRNAs in network, GO and KEGG enrichment assessment were conducted to further elucidate the function of circRNAs. The ceRNA network related to testicular function was visualized by Cytoscape 3.8.



Dual Luciferase Reporter

The wild-type (WT) and mutant-type (MUT) circ_024949, circ_026259, and IGF1 3′-UTR containing the putative binding site of oar-miR-29b were purchased from GENEWIZ (Suzhou, China) and subsequently inserted into the pmirGLO luciferase reporter vector XhoI/SalI sites (Promega, United States). Oar-miR-29b mimic and mimic negative control (NC) were bought by Jima (Shanghai, China), and their sequences are provided in Supplementary Table 1. The luciferase reporter plasmids (circ_024949 WT, circ_024949 MUT, circ_026259 WT, circ_026259 MUT, IGF1 3′-UTR WT, or IGF1 3′-UTR MUT) were transfected with oar-miR-29b mimic or mimic NC into 293T cells using Lipofectamine 2000 transfection vehicle (Invitrogen, Carlsbad, CA, United States) as per the instructions provided by vendors. The firefly, as well as renilla luciferase activities were examined at 48 h after transfection by the Dual-Luciferase Reporter Assay System (Promega, United States). The relative luciferase enzyme activity was shown as ratios of firefly luciferase to renilla luciferase. Three repeated experiments were set up in each group.



Isolation, Culturing, and Transfection of Sheep Sertoli Cells

Testes were collected from healthy Tibetan sheep aged three-month-old, sterilized with 75% alcohol and then transported to the laboratory within 30 min in PBS buffer containing penicillin and streptomycin on ice. Sertoli cells were isolated as described recently (Gao et al., 2020), with some alterations. Briefly, under aseptic conditions, testes were rinsed twice with PBS after removal of the tunica albuginea, and seminiferous tubules were minced into paste and digested with type IV collagenase (1 mg/mL) for 1 h at 37°C. After centrifugation, the supernatant was discarded and digested with 0.25% trypsin for 20 min at 37°C. The digestion was terminated with DMEM/F12 supplemented with 10% FBS (Gibco, United States), and the digested cells were filtered through 100-, 200-, and 300-mesh screen. After centrifugation, cells were washed with PBS, resuspended in high-glucose DMEM containing 10% FBS, seeded in culture flasks, and routinely cultured at 37°C in 5 % CO2. After 6 h of culture, the medium was removed and changed with fresh medium to discard the suspending germ cells. After a continued culture time of 18 h, the supernatant was discarded and 0.05% trypsin was added to transiently digest cells before addition of fresh medium. When the cells reached ∼80% confluency, the above steps were repeated 3–4 times to remove residual germ cells and to obtain pure Sertoli cells. The isolated sheep Sertoli cells were identified by RT-PCR and immunofluorescence staining with antibodies against Vimentin and SOX9.

The linear sequence of circ_026259 derived from KLHL5 gene was synthesized and cloned into the EcoRI and BamHI restriction sites of overexpression vector pCD25-ciR (pCD25-circ_026259; Geneseed, Guangzhou, China), which included a forward and backward circular frame to promote circularization. Small interfering RNAs (siRNAs) targeting circ_026259 (si1-circ_026259 and si2-circ_026259), oar-miR-29b inhibitor, or the corresponding negative controls (si-NC and inhibitor NC) were provided by Jima (Shanghai, China), and their sequences are listed in Supplementary Table 1. For transient transfections, Sertoli cells were seeded in culture plates in a proper density and 24 h later transfected with pCD25-circ_026259, control vector (pCD25-circ), si1-circ_026259, si2-circ_026259, si-NC, oar-miR-29b mimic/inhibitor, or mimic/inhibitor NC using Lipofectamine 2000 reagent (Invitrogen) per as recommended by the provider. Cells were harvested 48 h after transfection for assessment of the transfection efficiency and subsequent analysis.



PCR Analysis

The total RNA was isolated from cells and tissues with TRIzol reagent (TransGen, Beijing, China), and reverse transcribed to cDNA using an Evo M-MLV RT Kit with gDNA Clean for qPCR (Accurate, Hunan, China). The cytoplasmic and nuclear RNAs from Sertoli cells were prepared using PARISTM kit (Invitrogen) as per the instructions provided by vendors. For RNase R treatment, 1 μg total RNA was incubated for 30 min at 37°C with 1μL RNase R (20 U; Epicentre, United States), and then deactivated RNase R at 80°C for 10 min. RT-PCR was carried out using 2× Pro Taq Master Mix kit (Accurate) as the per manufacturer’s instructions. qPCR was done under the following conditions: 95°C for 30 s, then 40 two-step amplification cycles of 95°C for 5 s and 60°C for 30 s. Divergent primers used for amplification of circRNA-specific back splice junctions were designed. All primers used were synthesized by Tsingke (Xi’an, China). Details of the primers used are presented in Supplementary Table 2. β-actin or GAPDH was used as an internal reference gene for circRNA and mRNA, and U6, for miRNA. The expression levels relative to internal reference gene were computed by 2–ΔΔCt approach. PCR products were confirmed via electrophoresis on 1.5% agarose gels was employed to confirm the PCR products and bands were extracted and subjected to Sanger sequencing.



In situ Hybridization and Immunofluorescence

Digoxigenin (DIG)-labeled RNA antisense probes for circ_024949 (5′-ATATTGATAGAGAGCTTT CCCTAAATGTGT-3′), circ_026259 (5′-TACTATTGGAAG TCCTGTGGTGCAAGAAG-3′), oar-miR-29b (5′-ACACTGA TTTCAAATGGTGCTA-3′), and IGF1 (5′-TGAA ATAAAAGCCCCTGTCTCCGCACACGAA-3′) were purchased from General Biosystems (Anhui, China) for in situ hybridization. After conventional dewaxing and rehydration, 5-μm paraffin sections or fixed Sertoli cells were digested in proteinase K solution and bloked with 3% H2O2/methanol. Pre-hybridization, hybridization and washing were conducted according to standard methods. After this step, probe signals were visualized with mouse anti-DIG antibody (HRP-conjugated) and direct FITC-TSA kit (Servicebio, Wuhan, China). The nuclei were counterstained by DAPI. Cells or the adjacent sections were hybridized with sense probes and without probes to produce negative controls. For immunofluorescence staining of testis tissue sections, sections were blocked with 5% BSA (Solarbio, Beijing, China) prior to incubation with rabbit anti-IGF1 polyclonal antibody (1:200; Bioss, Beijing, China) overnight at 4°C. Then, sections were added with goat anti-rabbit IgG labeled with CY3 (1:200; Servicebio, Wuhan, China) and counterstained with DAPI. The sections were seen in Nikon fluorescence microscope (Eclipse C1, Tokyo, Japan) and imaged with CaseViewer software. For immunofluorescence cell staining, Sertoli cells were fixed, permeabilized, and subsequently incubated with primary antibodies against Vimentin (1:200; Bioss, China) or SOX9 (1:200; Bioss, China) followed by incubation with FITC-conjugated secondary antibody. The remaining procedures were the same as above.



Western Blot

Proteins from testes and Sertoli cells were extracted with RIPA buffer and separated on 12% SDS-PAGE gel. After transfer, the PVDF blot membranes were blocked and then probed with rabbit polyclonal antibody against IGF1 (1: 500, Bioss, Beijing, China) at 4°C overnight. Anti-β-actin polyclonal antibody (1:1,500, Bioss, Beijing, China) was used as an internal reference. These blots were further conjugated with a goat anti-rabbit IgG secondary antibody labeled with HRP (1: 5,000, Bioss, Beijing, China) via incubation and revealed with ECL kit (NCM Biotech, Suzhou, China) and exposed to X-ray films. Quantification of the blot intensities was performed using the AlphaEaseFC software.



Statistics

Data among/between groups were analyzed using SPSS 21.0 software (SPSS, Inc., Chicago, IL, United States) with one-way ANOVA followed by LSD post hoc test, or the independent samples t test; the results are indicated as the mean ± SD. The differences between two groups were marked by ∗P < 0.05 and ∗∗P < 0.01.



RESULTS


Overview of circRNA Sequencing

After the raw reads were filtered, a total of 994,655,502 high-quality clean reads (85,301,018 from 3M group, 78,331,884 from 1Y group, and 85,030,974 from 3Y group) were obtained. There were 14.88, 17.46, and 18.67% of the high-quality reads that were not aligned to the sheep reference genome in 3M, 1Y, and 3Y groups, respectively, and 20 bp sequences (Anchors reads) on both ends of which were selected for re-alignment with the reference genome to identify circRNA. Specific information regarding the overall analysis of the sequencing data is presented in Supplementary Table 3. RNA-seq data has been deposited to the SRA database in NCBI (SRA accessions: SRR11348536-SRR11348547). In total, 31,148 circRNAs were identified in this study, which were named and numbered from circ_000001 to circ_031148. According to their position on the ovine genome, the vast majority of these circRNAs were showed to have originated from protein-coding exons of genes, while many others were originated from antisense or intronic sites (Figure 1A). Most of the circRNAs were between 200 and 700 nt long, with 400 nt being the most abundant length (Figure 1B). These circRNAs were distributed on all chromosomes including 26 autosomes and X chromosome, but were mainly existed in chromosomes 1, 2, and 3 (Figure 1C).
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FIGURE 1. General features of circRNAs. (A) Venn diagram indicating that circRNAs numbers originated from different genomic sites. (B) Length distributions for the identified circRNAs. (C) Chromosome distribution map of circRNAs. 3M, 1Y, and 3Y refer respectively to 3-month-old, 1-year-old, and 3-year-old.




Differential Expression Analysis

Overall, 3982 (2,079 up-regulated; 1,903 down-regulated), 414 (201 up-regulated; 213 down-regulated), and 4,060 DE circRNAs (2,107 up-regulated; 1,953 down-regulated) were found in 3M vs 1Y, 1Y vs 3Y, and 3M vs 3Y groups, respectively (Figures 2A,C). Details about these circRNAs are available in Supplementary Tables 4–6. Among these, 44 circRNAs were co-expressed in testes from three age groups (Figure 2B). To characterize the dynamics of circRNA expression in developmental testes, we performed trend analysis of differentially expressed circRNAs in testes at three developmental stages. Here, we identified seven main circRNA profiles, where each represented a characteristic expression pattern (Figure 2D). Of these, three patterns, including profile 0 (continuously down-regulated), profile 1(firstly down-regulated followed by no change), and profile 6 (firstly up-regulated followed by no change) were significant.
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FIGURE 2. Summary of differential expression analysis of the annotated circRNAs. (A) Statistics of differential circRNAs. (B) A Venn diagram indicating the shared and unique differential circRNAs. (C) Clustering heat map of differential circRNA expression. Red corresponds to upregulation; Green corresponds to downregulation. (D) Trend analysis of differential circRNAs. 3M, 1Y, and 3Y refer respectively to 3-month-old, 1-year-old, and 3-year-old.




Validation of CircRNA Expression by qPCR

The divergent primers for their junction sites from ten randomly selected DE circRNAs were used to determine the presence of these circRNAs (Figure 3A). The qPCR results suggested that expression profiles for these ten circRNAs were congruent with the RNA-sequencing results (Figure 3B). The 1.5% agarose gel electrophoresis shows the expected size of a single band for each selected circRNA (Figure 3C). The produced fragment was then sequenced by Sanger sequencing, and results showed the sequence information of circular junction for these circRNAs, obtained by Sanger sequencing, were exactly the same as circRNA sequencing (Figure 3D). These suggest that the sequencing data and expression of circRNAs identified in this study are reliable.
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FIGURE 3. Verification of eight randomly selected circRNAs from RNA-Seq. (A) Divergent primers were designed for circRNA validation. (B) Comparison between qPCR and RNA-seq results. (C) Visualization of the PCR products on a 1.5% agarose electrophoresis gel. (D) Circular junctions were confirmed by Sanger sequencing. 3M, 1Y, and 3Y refer respectively to 3-month-old, 1-year-old, and 3-year-old. Two asterisks (**), one asterisk (*), and ns (non-significant) denote P < 0.01, P < 0.05, and P > 0.05, respectively.




Enrichment and Functional Annotation Analysis for Source Genes of DE circRNAs

In 3M vs 1Y, 3,694 of the identified 3,982 DE circRNAs were derived from 2,079 source genes, and residual 288 circRNAs were derived from intergenic regions, having no source genes; in 1Y vs 3Y group, 370 of the identified 414 DE circRNAs were derived from 339 source genes, and residual 44 circRNAs were derived from intergenic regions, having no source genes; in 3M vs 3Y, 3,767 of the uncovered4060 DE circRNAs were derived from 2,119 source genes, and residual 293 circRNAs were originated from intergenic regions, having no source genes. To evaluate the biological roles of circRNAs, we mapped all the source genes for these DE circRNAs into GO terms in the GO resource and signaling pathways in the KEGG database. In total, 187, 73, and 182 GO terms for 3M vs 1Y, and 1Y vs 3Y, and 3M vs 3Y, respectively, was significantly enriched (Supplementary Table 7). These GO terms were mostly involved in biological processes such as reproduction, growth or development, immune system, and metabolism (Figure 4A). KEGG analysis indicated that the source genes for DE circRNAs, in 3M vs 1Y and 3M vs 3Y, were significantly enriched in cell cycle, oocyte meiosis, adherens junction, TGF-beta signaling, mTOR signaling, Hippo signaling, and other signaling pathways (Figure 4B); the source genes for DE circRNAs, in 1Y vs 3Y, were significantly enriched in tight junction, mTOR signaling, regulation of actin cytoskeleton, VEGF signaling, estrogen signaling pathway and other pathways (Figure 4B).
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FIGURE 4. Functional annotation and enrichment analysis. (A) Functional classifcation and (B) KEGG pathway assessment of the source genes of differential circRNAs. (C) GO annotation and (D) KEGG enrichment of mRNAs in circRNA–miRNA–mRNA regulatory network. (E) Expression heatmap and (F) significantly enriched KEGG pathways of genes shared between DE circRNA source genes and DE mRNAs. 3M, 1Y, and 3Y refer respectively to 3-month-old, 1-year-old, and 3-year-old.




CircRNA–miRNA–mRNA Network Construction and Functional Enrichment of mRNAs in Network

To further gain insights into the biological roles of these DE circRNAs, the ceRNA regulatory networks through the integration of our previous miRNA and mRNA sequencing data were constructed for circRNA–miRNA–mRNA interactions based on the “ceRNA hypothesis.” See Supplementary Table 8 for the list of mRNAs in the network. GO analysis showed that mRNAs derived genes in ceRNA network, on the biological processes, were mainly involved in, cellular component organization or biogenesis, reproduction, cellular process, development, as well as biological adhesion (Figure 4C); on the cellular components, were mainly included organelle, membrane, and extracellular matrix (Figure 4C); on the molecular function, mainly clustered with signal transducer activity, binding, catalytic activity, as well as transcription factor activity (Figure 4C). KEGG assessment indicated that these mRNAs derived genes were engaged in adherens junction, focal adhesion, ECM–receptor interaction, TGF-beta signaling, modulation of actin cytoskeleton, signaling cascades modulating pluripotency of stem cells, MAPK signaling, Wnt signaling, and so on (Figure 4D). The heatmap revealed that there were 1,335 genes which are shared by DE circRNA source genes and DE mRNAs (Figure 4E). Further functional analysis using GO and KEGG databases revealed these shared genes were primarily implicated in the biological processes such as reproduction, cellular process, development, growth and immunity (Supplementary Figure 1), and were significantly enriched in cell cycle, ECM–receptor interaction, TGF-beta signaling, mTOR, and other signaling pathway (Figure 4F and Supplementary Table 9), which were similar to the functional enrichment analysis results above. In the circRNA–miRNA–mRNA regulatory network, 28 known spermatogenesis-related genes (e.g., IGF1, DMRTC2, etc.) were potentially regulated by 143 circRNA–miRNA pairs covering 107 DE circRNAs and 24 DE miRNAs (Figure 5); 6 genes related to germ cell development were potentially regulated by 34 circRNA–miRNA pairs covering 33 DE circRNAs and 10 DE miRNAs (Figure 5); 16 cell cycle- or meiosis-related genes were potentially regulated by 140 circRNA-miRNA pairs covering 96 DE circRNAs and 18 DE miRNAs (Figure 5); 7 genes associated with blood–testis barrier (BTB) were potentially regulated by 45 circRNA–miRNA pairs covering 39 DE circRNAs and 9 DE miRNAs (Figure 5).
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FIGURE 5. The circRNA–miRNA–mRNA interaction network. Blue circles represent circRNAs, green V shape represents miRNAs, and squares with different colors represent genes belonging to different functional classification (pink, spermatogenesis; orange, blood-testis barrier; red, germ cell development; purple, cell cycle or meiosis).




Validation of Targeting Relationships Between circ_024949/circ_026259/IGF1 and oar-miR-29b and Their Tissue Expression Characteristics

Based on the same expression trends between circRNAs and mRNAs and the inverse expression trends between circRNAs/mRNAs and miRNAs in testes at three development stages, circRNA–miRNA–mRNA regulatory network involved in spermatogenesis were further screened, which consists of 20 differentially expressed circRNAs, 11 miRNAs, and 11 mRNAs (Figure 6A). IGF1, a known important regulator of spermatogenesis (Potter and DeFalco, 2017; Neirijnck et al., 2019), is found to be present in this regulatory network, and potentially regulated by circ_026259/circ_024949/circ_012373-oar-miR-29b axis where circ_026259 and circ_024949 exhibit a higher abundance (Supplementary Tables 4–6) and a more significant relationship (circ_026259/IGF1, P = 0.0078; circ_024949/IGF1, P = 0.0169) compared to circ_012373 (P = 0.0303). Based on these considerations, we selected circ_026259 and circ_024949 to verify their targeting relationships between circ_024949 and oar-miR-29b, circ_026259 and oar-miR-29b, and IGF1 and oar-miR-29b, and to assess their expression patterns.


[image: image]

FIGURE 6. The targeting relationships between circ_024949/circ_026259/IGF1 and miR-29b as well as their expression correlations. (A) Sankey plot of the circRNA-miRNA-mRNA network enriched for spermatogenesis-related genes. (B) Putative binding sites revealed by bioinformatics analysis. (C) Dual-luciferase assays were used to validate the binding sites between circ_024949/circ_026259/IGF1-3′UTR and oar-miR-29b. (D) RT-PCR and (E) qPCR analysis for the relative RNA expression. (F) Divergent primers (left panels) and Sanger sequencing (right panels) used for the amplification of circular junctions of circ_024949 and circ_026259. (G) Correlation analysis between oar-miR-29b and circ_024949/circ_026259/IGF1 expression. (H) RNA fluorescence in situ hybridization analysis. (I) IGF1 protein expression assessed by Western blot. (J) Immunofluorescence staining for IGF1 protein. 3M, 1Y, and 3Y refer respectively to 3-month-old, 1-year-old and 3-year-old. Two asterisks (**), one asterisk (*), and ns (non-significant) denote P < 0.01, P < 0.05, and P > 0.05, respectively.


The putative binding sites of circ_024949, circ_026259 and IGF1-3′UTR with oar-miR-29b are provided in Figure 6B. Dual-luciferase reporter assay indicated that oar-miR-29b significantly suppressed the luciferase activities for co-transfecting with wild types of circ_024949, circ_026259, or IGF1-3′UTR compared with oar-miR-29b negative control (P < 0.01), while no effect on the mutant types of circ_024949, circ_026259 or IGF1-3′UTR (P < 0.05) (Figure 6C). These results initially confirmed the direct interactions between circ_026259/circ_024949/IGF1 and oar-miR-29b. Subsequently, RT-PCR and qPCR results demonstrated that the relative RNA expression of circ_024949, circ_026259, and IGF1 gradually decreased (Figures 6D,E), while that of oar-miR-29b progressively increased with the advance of ages, showing excellent agreement with our results obtained by RNA-seq (Figure 6E). Sanger sequencing corroborated the back-splicing junction sites in the qPCR products of circ_024949 and circ_026259 amplified by divergent primers (Figure 6F). Pearson’s correlation analysis indicated that there was a strong negative correlation between circ_024949 and oar-miR-29b, circ_026259 and oar-miR-29b, oar-miR-29b and IGF1 (R = −0.878, −0.820, −0.899, P < 0.001) (Figure 6G). In situ hybridization revealed that RNA distribution patterns for circ_024949, circ_026259, oar-miR-29b and IGF1 were very similar in developmental testes and extensively existed in various testicular cells (such as germ cells, Leydig cells, and Sertoli cells) (Figure 6H). Consistent with the mRNA level, IGF1 protein expression gradually decreased with age (Figure 6I), and localized ubiquitously to various germ cells as well as Leydig cells and Sertoli cells and, with intense expression in spermatozoa and the cytoplasm of Leydig cells from 1Y and 3Y, as well as the seminiferous epithelium from 3M (Figure 6J).



Circ_026259 Regulated IGF1 Expression by Targeting oar-miR-29b in Testicular Sertoli Cells

On the basis of our above experiment results and prior literature documenting a crucial role for IGF1 in Sertoli cells which modulates cell proliferation (Cannarella et al., 2018; Johnson et al., 2020), we thus chose to focus on Sertoli cells for more detailed investigation in ovine testicular cells. Here we isolated ovine primary Sertoli cells using two-step enzymatic digestion and the isolated primary cells strongly expressed the Sertoli cell-specific markers Vimentin and SOX9 (Figures 7A,B), suggesting successful isolation of Sertoli cells from sheep testis tissues. Circ_026259 was therefore chosen for subsequent oar-miR-29b/IGF1 axis analysis in Sertoli cells since circ_026259 showed a higher RNA abundance compared to circ_024949, either as RNA-seq and qPCR data from testicular tissues or qPCR data from Sertoli cells (data not shown). Bioinformatics revealed that circ_026259, with 730 bp in length, is derived from the exon 2, exon 3, exon 4, and exon 5 of KLHL5 gene, and the end of exon 2 and exon 5 was back-spliced to form the circular structure (Figure 7C). We further confirmed its circular character using the RNase R digestion method, RT-PCR and Sanger sequencing (Figure 7C), corroborating the existence of circ_026259 in Sertoli cells. Circ_026259 was mainly located in the cytoplasm of Sertoli cells but expression was also found in the nucleus (Figures 7D,E), based on nuclear and cytoplasmic fractionation and FISH, which suggest that circ_026259 may exert its action through ceRNA regulation pattern.


[image: image]

FIGURE 7. Characterization and expression analysis of circ_026259 and effects of circ_026259 on oar-miR-29b and IGF1 expression in sheep Sertoli cells. (A) RT-PCR and (B) immunofluorescence assays of marker genes (Vimentin and SOX9) were performed to identify the primary Tibetan sheep Sertoli cells. (C) The structure characteristics of circ_026259. (Left upper panel) Schematic illustration showing circularization of circ_026259 originated from exon 2 to exon 5 of the ovine KLHL5 gene. (Right panel) Divergent primers amplified circ_026259 in cDNA in Sertoli cells with or without RNase R, but not genomic DNA (gDNA). (Left lower panel) Sanger sequencing confirmed the back-splicing junction of circ_026259. (D) qPCR detection and (E) FISH localization of circ_026259 in Sertoli cells. (F) Examination of circ_026259 overexpression (left panel) and knockdown (right panel) efficiency by qPCR. (G) Effects of overexpression and knockdown of circ_026259 on expression of oar-miR-29b. (H) Examination of oar-miR-29b overexpression (left panel) and knockdown (right panel) efficiency by qPCR. (I) Effects of overexpression and knockdown of oar-miR-29b on IGF1 mRNA and protein expression. (Left panel) IGF1 mRNA levels relative to GAPDH. (Right panel) the representative images showing IGF1 protein expression levels obtained using Western blot. (J) Circ_026259 overexpression can rescue the suppressive effects of oar-miR-29b on IGF1 mRNA and protein expression in Sertoli cells. (Left panel) the relative mRNA levels of IGF1. (Right panel) the representative Western blot images showing IGF1 protein expression. ∗∗ denotes P < 0.01.


To explore whether circ_026259 regulates the expression of IGF1 in Sertoli cells, circ_026259 overexpression and knockdown experiments were carried out in vitro. The transfection of PCD25-circ_026259 plasmid significantly enhanced the expression of circ_026259 in Sertoli cells (Figure 7F). We used two siRNAs targeting the junction site of circ_026259 and showed that circ_026259 expression was effectively decreased by transfection with two siRNAs (si1-circ_026259, si2-circ_026259) in comparison with the control and si-NC groups (Figure 7F), where si1-circ_026259 exhibited more potent knockdown effects and was therefore selected for subsequent investigation. We next examined the expression of oar-miR-29b upon overexpression or knockdown of circ_026259 in Sertoli cells, and the results demonstrated that the expression of oar-miR-29b was significantly inhibited by overexpressing circ_026259, which was significantly enhanced through circ_026259 knockdown (Figure 7G). Overexpression of oar-miR-29b significantly suppressed the expression of IGF1, whereas its knockdown significantly increased IGF1 expression (Figures 7H,I). Additionally, circ_026259 overexpression can restore the repression of IGF1 expression at mRNA and protein levels by oar-miR-29b to certain extent (Figure 7J). Together, this series of experiments support that circ_026259 as a miR-29b sponge to indirectly modulate the expression of IGF1.



DISCUSSION

The testis is a strongly transcriptionally active organ whose main functions is to produce sperm through spermatogenesis (Witt et al., 2019). CircRNAs, as an abundant non-coding RNA in the eukaryotic transcriptome, are important modulators involved in modulating expression of genes at the transcriptional, post-transcriptional as well as translational levels and miRNA functions (Ebbesen et al., 2017). Herein, we first identified and characterized the expression patterns of circRNAs in developmental sheep testes via high-throughput sequencing, as well as bioinformatics analysis. Here, 3,982, 414, and 4,060 DE circRNAs were identified in 3M vs 1Y, 1Y vs 3Y, and 3M vs 3Y groups, respectively. These differential circRNAs were clustered into seven overall expression patterns of which three patterns involved 3,485 DE circRNAs showed significant clustering. Among these, with the increase of age during testicular development, 190, 1,271, and 2,024 circRNAs exhibited the expression trends of continuous decreasing, of first decreasing followed by no change, and of increasing followed by no change, respectively. The qPCR analysis and Sanger sequencing were done to validate circRNA sequencing data, and results support that circRNAs obtained in this study are of high quality and reliable.

To explore the roles of circRNAs in developmental sheep testis, functional analysis of the source genes of DE circRNAs was conducted. GO functional annotation indicated that circRNA source genes mainly participated in biological processes including reproduction, growth and development. For instance, in 3M vs 1Y and 3M vs 3Y, 8 common DE circRNAs were generated from DAZL and BOLL that belong to deleted in azoospermia (DAZ) gene family associated with germ cell development and spermatogenesis (Fu et al., 2015); 29 DE circRNAs were derived from 15 genes coding for cell division cycle-related proteins (e.g., CDC14B, CDC20B, CDC6, GAK, CDK6, CDK12-13, CDK17, etc.). In 1Y vs 3Y, differential circRNA circ_025151 was generated from SMAD5, a gene has been demonstrated to promote cell proliferation and inhibit apoptosis of Sertoli cells in pigs (Luo et al., 2020); circ_012965 was derived from SPIN1 that is a gene associated with meiotic progression and meiotic cell cycle in mammals (Choi et al., 2019). It is suggestive of a function for these circRNAs in testicular cell cycle progression and cell development thereby participating in the regulation of spermatogenesis and testis development.

Notably, in this study, some of circRNA source genes were linked to the annotation correlated with the function of the immune system. Besides spermatogenesis and steroidogenesis, the testis has also been considered as an immunological privileged organ where immune responses are limited to protect immunogenic germ cells from an immune attack and to sustain the immune homeostasis required for normal spermatogenesis (Zhao et al., 2014). The blood-testis barrier has long been known to be a crucial part of the testicular immune privilege to sequester auto-antigenic germ cells and is one of the tightest tissue barrier present in mammals, which is primarily formed by the integrins (Yan et al., 2007) and junctional complex (Smith and Braun, 2012; Mruk and Cheng, 2015) between Sertoli cell-Sertoli cell, Sertoli cell-matrix and Sertoli cell-germ cell (e.g., tight junctions, adherens junctions) to sustain the barrier integrity and function. As expected, we found that 12 DE circRNAs shared by 3M vs 1Y and 3M vs 3Y groups were derived from eight genes (CTNNA1, NECTIN3, GJC1, TNS1, STRN, SMAD2, NUMBL, and TGFB2) associated with cell junctions, including cell-cell junction, cell-substrate junction and adherens junction. Twelve common DE circRNAs were derived from genes encoding integrin molecules, including ITGA4, ITGA9, ITGAL, ITGAV, ITGB1, ITGB8, ITGB3BP, and ITGBL1.

Moreover, the intratesticular interstitial space interspersed between the seminiferous tubules contains a variety of immune cell population of immune system engaged in the regulation of immune responses against microbial infections: macrophages, lymphocytes (mainly T cells), dendritic cells, as well as mast cells (Pérez et al., 2013). During testicular development, these immune cells contribute to sustaining immune homeostasis via the involvement of immune tolerance, local immunosuppression and decreased immune activation (Meinhardt and Hedger, 2011). In this study, in 3M vs 1Y and 3M vs 3Y, 77 shared source genes for DE circRNAs were linked with immune response based on GO annotation. For example, circ_001819 and circ_001824 derived from CBLB gene and circ_023878 and circ_023884 derived from GLI3 gene were annotated to negative regulation of lymphocyte activation; six DE circRNAs (circ_025570, circ_021583, circ_004726, circ_028039, circ_028043 and circ_028044) generated from four genes: MEF2C, BCL2L11, STAT5B and HIF1A, were annotated as participating in lymphocyte/leukocyte homeostasis. Compared with 3M vs 1Y and 3M vs 3Y, however, there were only 10 source genes for DE circRNAs, in 1Y vs 3Y, were found to be implicaed in immune response based on GO annotation, which might be responsible for no significant changes in intratesticular immune microenvironment in post-pubertal (sexually mature and adult) sheep testis. One of the major functions of testicular immune privilege is to protect germ cells (especially meiotic germ cell including the spermatozoa) from systemic auto-immune attack (Meng et al., 2011). As we all know, prepubertal testis do not undergo spermatogenesis until pubertal onset when wave of spermatogenesis begins, including mitotic proliferation of spermatogonia and initiation of the meiotic program of spermatocytes, to allow testis to produce mature spermatozoa up to old age.

Likewise, a KEGG analysis domonstrated that the source genes for DE circRNAs, in 3M vs 1Y and 3M vs 3Y, were mostly enriched in the signaling pathways associated with reproduction [e.g., oocyte meiosis, insulin signaling, VEGF signaling (Kang et al., 2015), progesterone-mediated oocyte maturation, etc.], spermatogenesis [e.g., mTOR signaling (Jesus et al., 2017), Hippo signaling (Zhang G.M. et al., 2019), TGF-beta signaling (Fan et al., 2012), cell cycle, etc.], BTB [e.g., adherens junction (Mruk and Cheng, 2015; Stanton, 2016), modulation of actin cytoskeleton (Mruk and Cheng, 2015), focal adhesion (Mruk and Cheng, 2015), ECM-receptor interaction (Siu and Cheng, 2008), etc.], and immune responses [e.g., T cell receptor signaling, PI3K-Akt signaling, leukocyte transendothelial migration, etc.]; in 1Y vs 3Y, were mainly enriched in the signaling pathways associated with reproduction [e.g., estrogen signaling, progesterone-mediated oocyte maturation, VEGF signaling (Kang et al., 2015), etc.], BTB [e.g., tight junction (Mruk and Cheng, 2015; Stanton, 2016), modulation of actin cytoskeleton (Mruk and Cheng, 2015), etc.], and immune responses (e.g., chemokine signaling, B cell receptor signaling, etc.].

Multiple lines of evidence demonstrated that one of the primary functions of circRNAs is to act as miRNA sponges to indirectly regulate expression of downstream target gene for miRNAs (Zhong et al., 2018). Thus, we combined with previous miRNA-seq and mRNA-seq data and further analyzed circRNA–miRNA–mRNA interaction network based on ceRNAs to reveal the functions involved by these DE circRNAs. The results revealed by GO analysis indicated that these target genes were assigned to several main biological processes, including cellular process, development, biological adhesion, and reproduction. By analyzing the results of KEGG pathway enrichment, we also discovered that they significantly enriched in pathways linked with spermatogenesis or testicular immune privilege, such as Wnt signaling (Kang et al., 2015), TGF-beta signaling (Fan et al., 2012), signaling cascades modulating pluripotency of stem cells, modulation of actin cytoskeleton (Mruk and Cheng, 2015), adherens junction (Mruk and Cheng, 2015; Stanton, 2016), focal adhesion (Mruk and Cheng, 2015), ECM–receptor interaction (Siu and Cheng, 2008), and chemokine signaling. Additionally, similar functional enrichment results were found in GO analysis and KEGG analysis of the common genes between differentially expressed circRNAs’ souce genes and differentially expressed mRNAs.

According to GO and KEGG analysis of mRNAs in ceRNA network, the target genes related to spermatogenesis, blood-testis barrier, germ cell development, cell cycle or meiosis were selected to build a circRNA–miRNA–mRNA network. As a result, there were 259 circRNA–miRNA pairs and 97 miRNA–mRNA pairs in the constructed network, involving 180 circRNAs, 33 miRNAs, and 57 genes. Among these, IGF1, a known testicular development gene (Cannarella et al., 2018; Neirijnck et al., 2019), was predicted to be modulated by circ_024949/circ_026259-oar-miR-29b signals, and the subsequent dual-luciferase assays confirmed that circ_024949/circ_026259/IGF1 shared the same oar-miR-29b target site. It has been reported that IGF1 is widely expressed in various cell types in the testis, containing germ cells, Leydig cells, and Sertoli cells to modulate their development and functions (Potter and DeFalco, 2017; Cannarella et al., 2018). Similarly, our results indicated that at the protein level, IGF1 protein was wildly existed in various germ cells, along with existence in Leydig cells and Sertoli cells, suggestive of its multiple roles in development and maturation of germ cells as well as functional maintenance of testicular somatic cells. miR-29b, a member of miR-29 family, has been documented to be closely related to male fertility (Menezes et al., 2020). This study showed that oar-miR-29b was remarkably up-regulated in post-pubescent sheep testis (1- and 3-year-old) relative to pre-pubescent (3-month-old), which is in agreement with previous reports in canine testis (Kasimanickam and Kasimanickam, 2015). Consistent with the results indicated in the RNA-seq data, however, RT-PCR and qPCR results revealed that the exepression of circ_024949, circ_026259 and IGF1 decreased gradually with development from 3-month-old to 3-year-old testes, suggesting that their expression negatively correlated with oar-miR-29b. The subsequent in situ hybridization analysis revealed that circ_024949, circ_026259, oar-miR-29b and IGF1 were all located in various germ cells, Leydig cells and Sertoli cells, which was largely consistent with a previous report on the subcellular localization patterns of testicular IGF1 mRNA (Yuan et al., 2018). This further implied the interactions between either circ_024949, circ_026259, or IGF1 and oar-miR-29b, as well as their potential modulation for the development of testicular germ and somatic cells.

Given the existing literature outlining the importance of IGF1 in Sertoli cell development (Cannarella et al., 2018; Johnson et al., 2020) and the above findings, we successfully isolated ovine primary Sertoli cells to further evaluate the regulatory effect of circ_026259 (having a higher expression compared to circ04949 in Sertoli cells) on IGF1 expression through oar-miR-29b in testicular cells. The results from the study by overexpression or knockdown of circ_026259 and oar-miR-29b demonstrated the positive effects of circ_026259 on IGF1 mRNA and protein expression via repressing oar-miR-29b in Sertoli cells.

Additionally, IGF1, as a growth factor secreted by testicular cells (especially Leydig cells), may possess immunosuppressive property in mammalian testis (Pérez et al., 2013; Potter and DeFalco, 2017). A recent study documented that IGF1 functions in the intestinal immune homeostasis (Zheng et al., 2018). These reports together raise the possibility that IGF1 expression may also contribute to the maintenance of immunologic homeostasis during testis development, but whether IGF1 is functional in this and the mechanistic details of regulation by which IGF1 remain to be elucidated. Regardless, these data somewhat enrich our understanding of the functionality of IGF1 in sheep testis and how its expression is regulated.

In conclusion, this is the first documentation elucidating circRNA dynamic expression patterns across three reproductive stages in postnatal sheep testes and describing circRNA-associated miRNA-gene network implicated in testicular function; as well as the first to confirm that circ_024949 and circ_026259 were likely to jointly regulate IGF1 expression through direct targeting of oar-miR-29b, and therefore had multiple functions in development of germ cells and functional maintenance of Sertoli cells and Leydig cells during ram spermatogenesis. Further, circ_026259, a novel circular RNA derived from KLHL5 exons, was confirmed to negatively modulate IGF1 expression by inhibiting oar-miR-29b in sheep Sertoli cells. These findings provide novel vision and direction for the future exploration of the regulatory mechanisms of testicular development and function in sheep.



DATA AVAILABILITY STATEMENT

RNA-seq data has been deposited to the SRA database in NCBI (accession numbers: SRR11348536-SRR11348547).



ETHICS STATEMENT

The animal study was reviewed and approved by Laboratory Animal Welfare and Ethics Committee of Gansu Agricultural University. Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

TL and YM conceived and designed the study. XW, HW, and HJ collected the samples. TL, RL, XW, and HW performed the experiments and analyzed the data. TL wrote the manuscript. XZ, YG, and YM contributed to the revisions of the manuscript. All authors read and approved the manuscript.



FUNDING

This work was supported by the National Key R&D Program of China (2018YFD0502100), Fostering Foundation for the Excellent Ph.D. Dissertation of Gansu Agricultural University (YB2018001), and National Natural Science Foundation of China (31960662).



ACKNOWLEDGMENTS

We thank the Guangzhou Genedenovo Biotechnology Co., Ltd., for assisting in RNA sequencing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.627439/full#supplementary-material

Supplementary Figure 1 | GO annotation of the genes shared between DE circRNA source genes and DE mRNAs.

Supplementary Table 1 | RNA sequences used for transfection.

Supplementary Table 2 | A list of primers used in PCR analysis.

Supplementary Table 3 | Summary statistics of circular RNA sequencing data.

Supplementary Table 4 | List of differentially expressed circRNAs between 3M and 1Y.

Supplementary Table 5 | List of differentially expressed circRNAs between 3M and 3Y.

Supplementary Table 6 | List of differentially expressed circRNAs between 1Y and 3Y.

Supplementary Table 7 | GO annotation of source genes for differentially expressed circRNAs.

Supplementary Table 8 | The mRNA expression list in ceRNA network.

Supplementary Table 9 | KEGG analysis of the genes shared between DE circRNA source genes and DE mRNAs.


FOOTNOTES

1
http://www.rproject.org/

2
https://sourceforge.net/projects/mireap/

3
http://www.targetscan.org

4
http://miranda.org.uk/


REFERENCES

Cannarella, R., Condorelli, R., La Vignera, S., and Calogero, A. (2018). Effects of the insulin-like growth factor system on testicular differentiation and function: a review of the literature. Andrology 6, 3–9. doi: 10.1111/andr.12444

Cao, Y., You, S., Yao, Y., Liu, Z. J., Hazi, W., Li, C. Y., et al. (2018). Expression profiles of circular RNAs in sheep skeletal muscle. Asian Australas. J. Anim. Sci. 31, 1550–1557. doi: 10.5713/ajas.17.0563

Choi, J., Zhou, W., Nie, Z., Niu, Y., Shin, K., and Cui, X. (2019). Spindlin1 alters the metaphase to anaphase transition in meiosis I through regulation of BUB3 expression in porcine oocytes. J. Cell. Physiol. 234, 8963–8974. doi: 10.1002/jcp.27566

Ebbesen, K. K., Hansen, T. B., and Kjems, J. (2017). Insights into circular RNA biology. RNA Biol. 14, 1035–1045. doi: 10.1080/15476286.2016.1271524

Fan, Y. S., Hu, Y. J., and Yang, W. X. (2012). TGF-β superfamily: how does it regulate testis development. Mol. Biol. Rep. 39, 4727–4741. doi: 10.1007/s11033-011-1265-5

Fu, X., Cheng, S., Wang, L., Yin, S., De Felici, M., and Shen, W. (2015). DAZ family proteins, key players for germ cell development. Int. J. Biol. Sci. 11, 1226–1235. doi: 10.7150/ijbs.11536

Gao, Y., Lu, W., Jian, L., Machaty, Z., and Luo, H. (2020). Vitamin E promotes ovine Sertoli cell proliferation by regulation of genes associated with cell division and the cell cycle. Anim. Biotechnol. doi: 10.1080/10495398.2020.1788044 [Epub ahead of print].

Hao, Z., Zhou, H., Hickford, J. G. H., Gong, H., Wang, J., Hu, J., et al. (2020). Identification and characterization of circular RNA in lactating mammary glands from two breeds of sheep with different milk production profiles using RNA-Seq. Genomics 112, 2186–2193. doi: 10.1016/j.ygeno.2019.12.014

Hu, J., Sun, F., and Handel, M. A. (2018). Nuclear localization of EIF4G3 suggests a role for the XY body in translational regulation during spermatogenesis in mice. Biol. Reprod. 98, 102–114. doi: 10.1093/biolre/iox150

Jesus, T. T., Oliveira, P. F., Sousa, M., Cheng, C. Y., and Alves, M. G. (2017). Mammalian target of rapamycin (mTOR): A central regulator of male fertility? Crit. Rev. Biochem. Mol. Biol. 52, 235–253. doi: 10.1080/10409238.2017.1279120

Jing, X., Wang, W., Degen, A., Guo, Y., Kang, J., Liu, P., et al. (2020). Tibetan sheep have a high capacity to absorb and to regulate metabolism of SCFA in the rumen epithelium to adapt to low energy intake. Br. J. Nutr. 123, 721–736. doi: 10.1017/s0007114519003222

Johnson, C., Kastelic, J., and Thundathil, J. (2020). Role of Akt and mammalian target of rapamycin signalling in insulin-like growth factor 1-mediated cell proliferation in porcine Sertoli cells. Reprod. Fertil. Dev. 32, 929–940. doi: 10.1071/rd19460

Kang, Y., Zheng, B., Shen, B., Chen, Y., Wang, L., Wang, J., et al. (2015). CRISPR/Cas9-mediated Dax1 knockout in the monkey recapitulates human AHC-HH. Hum. Mol. Genet. 24, 7255–7264. doi: 10.1093/hmg/ddv425

Kasimanickam, V. R., and Kasimanickam, R. K. (2015). Differential expression of microRNAs in sexually immature and mature canine testes. Theriogenology 83, 394–398.e1. doi: 10.1016/j.theriogenology.2014.10.003

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. (2013). TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14:R36. doi: 10.1186/gb-2013-14-4-r36

Kotaja, N. (2014). MicroRNAs and Spermatogenesis. Fertil. Steril. 101, 1552–1562. doi: 10.1016/j.fertnstert.2014.04.025

La, Y., He, X., Zhang, L., Di, R., Wang, X., Gan, S., et al. (2020). Comprehensive analysis of differentially expressed profiles of mRNA, lncRNA, and circRNA in the uterus of seasonal reproduction sheep. Genes 11:301. doi: 10.3390/genes11030301

Li, X., Li, C., Wei, J., Ni, W., Xu, Y., Yao, R., et al. (2019). Comprehensive expression profiling analysis of pituitary indicates that circRNA participates in the regulation of sheep estrus. Genes 10:90. doi: 10.3390/genes10020090

Li, X., Yang, L., and Chen, L. L. (2018). The biogenesis, functions, and challenges of circular RNAs. Mol. Cell 71, 428–442. doi: 10.1016/j.molcel.2018.06.034

Luo, H., Chen, B., Weng, B., Tang, X., Chen, Y., Yang, A., et al. (2020). miR-130a promotes immature porcine Sertoli cell growth by activating SMAD5 through the TGF-β-PI3K/AKT signaling pathway. FASEB J. 34, 15164–15179. doi: 10.1096/fj.202001384R

Meinhardt, A., and Hedger, M. (2011). Immunological, paracrine and endocrine aspects of testicular immune privilege. Mol. Cell. Endocrinol. 335, 60–68. doi: 10.1016/j.mce.2010.03.022

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013). Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 495, 333–338. doi: 10.1038/nature11928

Menezes, E. S. B., Badial, P. R., El Debaky, H., Husna, A. U., Ugur, M. R., Kaya, A., et al. (2020). Sperm miR-15a and miR-29b are associated with bull fertility. Andrologia 52:e13412. doi: 10.1111/and.13412

Meng, J., Greenlee, A., Taub, C., and Braun, R. (2011). Sertoli cell-specific deletion of the androgen receptor compromises testicular immune privilege in mice. Biol. Reprod. 85, 254–260. doi: 10.1095/biolreprod.110.090621

Mruk, D., and Cheng, C. (2015). The mammalian blood-testis barrier: its biology and regulation. Endocr. Rev. 36, 564–591. doi: 10.1210/er.2014-1101

Neirijnck, Y., Papaioannou, M., and Nef, S. (2019). The insulin/IGF system in mammalian sexual development and reproduction. Int. J. Mol. Sci. 20:4440. doi: 10.3390/ijms20184440

Pérez, C., Theas, M., Jacobo, P., Jarazo-Dietrich, S., Guazzone, V., and Lustig, L. (2013). Dual role of immune cells in the testis: protective or pathogenic for germ cells? Spermatogenesis 3:e23870. doi: 10.4161/spmg.23870

Potter, S., and DeFalco, T. (2017). Role of the testis interstitial compartment in spermatogonial stem cell function. Reproduction 153, R151–R162. doi: 10.1530/rep-16-0588

Qin, L., Lin, J., and Xie, X. (2019). CircRNA-9119 suppresses poly I:C induced inflammation in Leydig and Sertoli cells via TLR3 and RIG-I signal pathways. Mol. Med. 25:28. doi: 10.1186/s10020-019-0094-1

Qu, S., Yang, X., Li, X., Wang, J., Gao, Y., Shang, R., et al. (2015). Circular RNA: a new star of noncoding RNAs. Cancer Lett. 365, 141–148. doi: 10.1016/j.canlet.2015.06.003

Salzman, J. (2016). Circular RNA expression: its potential regulation and function. Trends Genet. 32, 309–316. doi: 10.1016/j.tig.2016.03.002

Shao, T., Pan, Y., and Xiong, X. (2021). Circular RNA: an important player with multiple facets to regulate its parental gene expression. Mol. Ther. Nucleic Acids 23, 369–376. doi: 10.1016/j.omtn.2020.11.008

Siu, M. K. Y., and Cheng, C. Y. (2008). Extracellular matrix and its role in spermatogenesis. Adv. Exp. Med. Biol. 636, 74–91. doi: 10.1007/978-0-387-09597-4_5

Smith, B., and Braun, R. (2012). Germ cell migration across Sertoli cell tight junctions. Science 338, 798–802. doi: 10.1126/science.1219969

Stanton, P. (2016). Regulation of the blood-testis barrier. Semin. Cell Dev. Biol. 59, 166–173. doi: 10.1016/j.semcdb.2016.06.018

Wang, X., Li, T., Liu, N., Zhang, H., Zhao, X., and Ma, Y. (2019). Characterization of GLOD4 in Leydig cells of Tibetan sheep during different stages of maturity. Genes 10:796. doi: 10.3390/genes10100796

Witt, E., Benjamin, S., Svetec, N., and Zhao, L. (2019). DrosophilaTestis single-cell RNA-seq reveals the dynamics of de novo gene transcription and germline mutational bias in Drosophila. eLife 8:e47138. doi: 10.7554/eLife.47138

Yan, H., Mruk, D., Lee, W., and Cheng, C. (2007). Ectoplasmic specialization: a friend or a foe of spermatogenesis? Bioessays 29, 36–48. doi: 10.1002/bies.20513

Yang, L., Fu, J., and Zhou, Y. (2018). Circular RNAs and their emerging roles in immune regulation. Front. Immunol. 9:2977. doi: 10.3389/fimmu.2018.02977

Yuan, C., Chen, K., Zhu, Y., Yuan, Y., and Li, M. (2018). Medaka igf1 identifies somatic cells and meiotic germ cells of both sexes. Gene 642, 423–429. doi: 10.1016/j.gene.2017.11.037

Zhang, G. M., Zhang, T. T., An, S. Y., El-Samahy, M. A., Yang, H., Wan, Y. J., et al. (2019). Expression of Hippo signaling pathway components in Hu sheep male reproductive tract and spermatozoa. Theriogenology 126, 239–248. doi: 10.1016/j.theriogenology.2018.12.029

Zhang, P., Chao, Z., Zhang, R., Ding, R., Wang, Y., Wu, W., et al. (2019). Circular RNA regulation of myogenesis. Cells 8:885. doi: 10.3390/cells8080885

Zhao, S., Zhu, W., Xue, S., and Han, D. (2014). Testicular defense systems: immune privilege and innate immunity. Cell. Mol. Immunol. 11, 428–437. doi: 10.1038/cmi.2014.38

Zheng, Y., Song, Y., Han, Q., Liu, W., Xu, J., Yu, Z., et al. (2018). Intestinal epithelial cell-specific IGF1 promotes the expansion of intestinal stem cells during epithelial regeneration and functions on the intestinal immune homeostasis. Am. J. Physiol. Endocrinol. Metab. 315, E638–E649. doi: 10.1152/ajpendo.00022.2018

Zhong, Y., Du, Y., Yang, X., Mo, Y., Fan, C., Xiong, F., et al. (2018). Circular RNAs function as ceRNAs to regulate and control human cancer progression. Mol. Cancer 17:79. doi: 10.1186/s12943-018-0827-8

Zhou, F., Chen, W., Jiang, Y., and He, Z. (2019). Regulation of long non-coding RNAs and circular RNAs in spermatogonial stem cells. Reproduction 158, R15–R25. doi: 10.1530/REP-18-0517

Zhou, R., Wu, J., Liu, B., Jiang, Y., Chen, W., Li, J., et al. (2019). The roles and mechanisms of Leydig cells and myoid cells in regulating spermatogenesis. Cell. Mol. Life Sci. 76, 2681–2695. doi: 10.1007/s00018-019-03101-9


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 © 2021 Li, Luo, Wang, Wang, Zhao, Guo, Jiang and Ma. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Unraveling Stage-Dependent Expression Patterns of Circular RNAs and Their Related ceRNA Modulation in Ovine Postnatal Testis Development



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		RNA Isolation, Library Preparation, and circRNA Sequencing



		Identification of circRNAs



		Functional Annotation and Enrichment Analysis of circRNA Source Genes



		Quantification of circRNA Abundance and Differential Expression Evaluation



		Integrated Analysis of circRNAs–miRNAs–mRNAs



		Dual Luciferase Reporter



		Isolation, Culturing, and Transfection of Sheep Sertoli Cells



		PCR Analysis



		In situ Hybridization and Immunofluorescence



		Western Blot



		Statistics







		RESULTS



		Overview of circRNA Sequencing



		Differential Expression Analysis



		Validation of CircRNA Expression by qPCR



		Enrichment and Functional Annotation Analysis for Source Genes of DE circRNAs



		CircRNA–miRNA–mRNA Network Construction and Functional Enrichment of mRNAs in Network



		Validation of Targeting Relationships Between circ_024949/circ_026259/IGF1 and oar-miR-29b and Their Tissue Expression Characteristics



		Circ_026259 Regulated IGF1 Expression by Targeting oar-miR-29b in Testicular Sertoli Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Unraveling Stage-Dependent
Expression Patterns of Circular
RNAs and Their Related ceRNA
Modulation in Ovine Postnatal

Testis Development









OPS/images/fcell-09-627439-g001.jpg
A Antisense

B
>2000
Intergenic 1901-2000
. Intronic 1801-1900
- 1701-1800
1601-1700
1501-1600
1401-1500
<C 1301-1400
£ 1201-1300
g 1101-1200
s« 1001-1100
901-1000
801-900
701-800
601-700
501-600
401-500
301-400
201-300
101-200
1-100

Length o

4000+

Count

2000+

NYD XD 0A D QNI \%'3‘19‘1/\‘9”1?’%"“13”19 4+
Chromosome

O
S
N

Q
Q
S
Number of circRNA

O
O
o

O
S
DY





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-627439-g003.jpg
Circular junction
(backsplice site)

B
I Divergent primer

2
1.2
0.8

0.4

ot ——————-0
3M 1Y 3Y

~ -
\~_-_'f

T T
3M 1Y 3Y

Circ_022634 Circ_006879
-AACt RPM 2-BACt RPM
1500 2.0y " 12000
1200 450 [\x» 11500
900
1.0 11000
600 e
300 0.5 = T N 500
0.0t !

Circ_007083 Circ_006127
2-aaCt RPM o-AACt RPM
15 300 1.5 . 112000
e 419000
1.0 200 1.0 ns
1 46000
0.5
0.5 100 13000

o*-——F———F——F-0
1Y 3Y

3M

O‘_I_l_'l_
3M 1Y 3Y

Circ_019713
2-ACt RPM
15 —2* , 4400
1 2 ~ * % .ﬁ' i 300

9.
4200
6.
al 1100
ot-—————-0
3M 1Y 3Y
Circ_000904
2-8ACt RPM
1.8 120
1.2 By
60
0.6
30
0.0

Circ_029460
288t RPM
60r ’—'.L ~1400

4300
o .

4200
20F

4100

. T
1 3Y

3Mm

Circ_022103
2-hACt RPM
1.5p * 1800

* % M
1.0F e
4400
0.5t D5
' 4200
o.ot 1o

—_—
3M 1Y 3Y

2-BACt
1.8

1.2¢

0.6}

0.0t

1.5

1.0

0.5

Circ_019764

w*

3M 1Y 3Y

Circ_003197

2 -AACt

RPM

2500
2000
1500
1000
500

RPM

700
€00
500
400
300
200
100

0 ————m™—-0
3M 1Y 3Y

== gPCR
—— RNA-seq

Circ_022634

Divergent

————

AT ACA BT O TTYTT oF

Circ_006879
Divergent

—

TTTGCAB G TAAAG 6 A

bl bl

Circ_019713

Divergent

CAGAGTCCTG T

sl

Circ_019764
Divergent

i';TG ATG ATGTATG AAT

il

Circ_006127
Divergent

G\f\G'-:'»‘\GGTY‘ATI-t.

Circ_029460

Dlvergent

AGGGGTKATw

el

Circ_007083
Dwergent

IGATG(At TC TAAAAG
Circ_000904

Divergent

AIGG((IGGTATIA(A\

ol e

Circ_022103
Divergenl

‘AGG/\TGATGTAKTAG

Circ_003197

Diverg ent

A AAAC AAGGK«II'F«GA

N b, |





OPS/images/fcell-09-627439-g002.jpg
A B 1Y vs 3Y

2500
n 9 2107 176
<Zt 2000+ 1903 1953 | o | )p 3M vs 1Y
® M DOWN
5 1900+ 835 94
©
s 1000-
= 3009 44

500-
2 201 214

@
o ¥ y 907 100
3 %
NE X\
s ) W 3M vs 3Y

W W (U] W }— = [ — W (9) w W
l-< I-< I-< I-< I-< I-< I-< I-< = = = =
= w N IN N - N w |y | s »
D p -value=0.00 p-value=1.1E-287 p-value=1.00 p-value=4.9E-15 p-value=1.00 p-value=1.00 p-value=1.00
Profile 6 | |Profile 1 Profile 2 Profile 0 Profile 3 % v
1271 ] N 190\ 86 \ |48 7






OPS/images/fcell-09-627439-g005.jpg
Circ 2941

B : , Circ 018113
Pl 0891 Circ 898

- Circ (0626 !
Circ 3021 HG

@ Circular RNA
Cir 7883 Circ, 5585 Circ 3 . b v MicroRNA
T / 7 i I Gene
Circ 024949 \( / ~ive 06
Circ 1013 334 1 oar-MiR-Z2-3 74
circ @i9260 b

Circ 028 ‘IC i
Cir
Circ 0643

454
Circ 163
703 Girc @B8758
Circ
Circ
Circ

Circ /000523
7858 Circ (030638
973

. SEQ : 0 5733 03 -'.;_"l : i g ~Circ (002895, 3095
: S ‘ X : Circ (004864
Circ (014 7

(021142
Circ

irc{027858_Circ {§80530
S ———————1 VXYY, Gire. (006537

Circ

7546 D814

A I D5
00¢ 988 Circ 005816
- . . i 3600 : 5 i
Circ. L7 : \‘ \ ‘- et e (29063 oar-miReg6ss-5p Cire- 018297
i ; . BO42
D64 MAD? W — oaf-miR:1497=3p . 365? AG Circ (004732
‘ \ irc: {00910 5 0627
4 irc .
’//// N » Circ 1006 17Cire §26951 e gF 20
P | B-1-o6 N P < H B - X /
= EOR —oar=ml =106 Circ SETC 117 ar-miR-26a e 5508
=op : S 3694 ’ Ci 2
Circ 81a AGEC
Circ J

Oar' NIR=-411b=-aobD  ~: ‘739 ' CirC )4 2
Circ 082705 ©'rc
Circ (020957 Cire

oar-mi
Circ

Circ B SifBi rc

Gi
c 953.
841 Circ
r-mi 9a-3p.\ _ oar-mi
-30b






OPS/images/fcell-09-627439-g004.jpg
Reproduction Metabolism Reproduction Metabolism Reproduction Metabolism

4
3M vs 3Y
J

1
1Y vs 3Y
¥
&

3Mvs 1Y
B Adherens junction - @ Protein export- [ ] Adherens junction -
Thyroid hormone signaling pathway - @& Endocrine resistance- @ Thyroid hormone signaling pathway - ]
Progesterone-mediated oocyte maturation - [ ] Phosphatidylinositol signaling system- @ TGF-beta signaling pathway - ®
TGF-beta signaling pathway - . B cell receptor signaling pathway- @ Ubiquitin mediated proteolysis - [ ]
Insulin signaling pathway - ® count VEGF signaling pathway- » RUAE Progesterone-mediated oocyte maturation - ® — i
-log10(pvalue
T cell receptor signaling pathway - ] ® 20 Thyroid hermone signaling pathway- @ ; 3 ¢GMP-PKG signaling pathway - (] s 6 (p )
10
cGMP-PKG signaling pathway- @ ® 30 Progesterone-mediated ococyte maturation- @ ® FoxO signaling pathway - L] %
mTOR signaling pathway - 5] . 40 Chemokine signaling pathway- @ . - Focal adhesion - .
a4
Focal adhesion- @ . 50 Rapl signaling pathway- @ . - Cell cycle- ®
FoxO signaling pathway - @ Tight junction- ® ECM-receptor interaction - . =
AMPK signaling pathway- ® -log10(pvalue) Regulation of actin cytoskeleton- @ {oga0{pvalue) Hippo signaling pathway- @
Qocyte meiosis- @ G Insulin signaling pathway- ® 3.5 Oocyte meiosis- @ counk
Regulation of actin cytoskeleton- @ 5 Apoptosis- ® 3.0 mTOR signaling pathway- @ ® 20
Cell cycle- @ 4 mTOR signaling pathway- ® ;50) Rapl signaling pathway- @ ® 30
Rapl signaling pathway- @ 3 Ras signaling pathway- @ 15 CAMP signaling pathway- @ . 40
Hippo signaling pathway- @ AMPK signaling pathway - ® 1.0 AMPK signaling pathway- @
MAPK signaling pathway - . RNA transport- ® Regulation of actin cytoskeleton- @
CcAMP signaling pathway- @& Estrogen signaling pathway - ® Insulin signaling pathway- @
Ras signaling pathway -@ cAMP signaling pathway-® MAPK signaling pathway - .
PI3K-Akt signaling pathway-. Metabolic pathways-. PI3K-Akt signaling pathway-.
0.16 0.20 0.24 0.28 0.05 0.10 0.15 0.150.20 0.25 0.30
Rich factor Rich factor Rich factor
c 5000+ D 040 Gene number
N BP ® °
5 == CC 038l * °Q
< 4000+ - MF " 50125200 275
= o
[ 50361 Pvalue
£ 30004 S Y & ° ” 0.0018
b £
o i
- . Q@ o P » 0.0012
$ 2000- o °? ° 0.0006
g 0.32+ 0 :
Z 10004 o 0.0000
0-30 T L] T T T T T T T T T T T T T T T T T 1
B8%F b= 85 b5t 1] e S~ 5 & CE OOSE 58S UG 555 : & )
S O S S R TR S R SreLfeloy ool ot ool OO
D = = el o o o) og2mo :m"‘m-m SC‘; Dbk B Qs P N A A O N o AN o -l
sef5ensSS"ggebcse T8 25553559 5855 S858E-555F FELILLIRFIFINILIIIIIL
8852555 ©58 S=°%% | P555°35 3ax95 | 598358858358 P PILPTLEPLIF P PLIPLPLP
[@85928cgc S92 28 3 f °E8S5 85 8 S£ | 822285228/ £ T ole 608058080229
T focasS ©0»? 2P ¥ f 38 55 £ 88| °598555ELE L TR OIS TFOLEESFSS IS o
Ecoobos S 89 90 = Il E@ Xg > a | t‘dbb"'-‘?“cg»‘ < *:Q"b Q-() §Q°/\§O.€9'{-q/\-p§q
| 558528 555 °s § | g °f ° &3 | &55s 8=5° T 3 G FOUSITILS LES
| 5 £85 555 ¢ ;‘ g8 § 32 | z25 3853 | % S Q@ & OFLS
/ = 2D == | EQE, g | QTG ngc f éb "0:'\ 5,\0 \Q'Q
f & 3 o I | g "2 BS OLG @ <& ¥ o Lo
3 L = 5D | £ £o T S & SE
| 55 3 e' | °F 2 F e
| S ) | | £ S ’ L §
. o s | ! g g k F =
f = = /’ . o = & WD
[ 8 8 jo ] { f Q 8 / f?f @
e o g I [ © It Q AN
8 [ 2 g ; > F
= | | b = £ I
| [ 3 g &
Biological process Cellular component Molecular function t'og Pathway
Group TGF-beta signaling pathway - ®
MAPK signaling pathway - fly - ®
M Thyroid hormone signaling pathway - @] -log10(pvalue)
1Y Apoptosis - fly - °
3y Prolactin signaling pathway - ° 4.0
ellular senescence - (€] 35
Relaxin signaling pathway - [&] -
FoxO signaling pathway - .
Cell cycle 1 25
2.0

@
®
Autophagy - animal - @
Apelin signaling pathway - ®
Signaling pathways regulating pluripotency of stem cells 1 @
mTOR signaling pathway - @ count
Progesterone-mediated cocyte maturation - ®
PI3K-Akt signaling pathway - ’ ® 2
Focal adhesion - @ =
Insulin signaling pathway - ®
¢GMP - PKG signaling pathway{ @ @ ©
MAPK signaling pathway - ’
Ras signaling pathway {@
0.05 0.06 0.07






OPS/images/fcell-09-627439-g007.jpg
Vimentin

152 bp 186 bp SOX9 DAPI
D_ B Nucleus
© 1.2, W Cytoplasm :
3 DAPI Circ_026259
<
§ 0.8
©
& 0 0- 260 pm
Q‘LG%BWO\,\ o
G\(O/
(o))
F 2 300 e 1.5
© ** N c
N 5 250 S .S
|5 Ol ) 10'
© % 200 58
‘S ) (&] qs_')
hust [
2 2150 23505 xR
s mm M ¢
4 -'
N O 9 ) G 9 9
KO X 9 $O* . 3 ) 5
00“00?’6 o Q,Lro'?, 00(\’\ 5\$QQ61 Q@Q)(L
Q. O¢~ ACFY7 80~
GOfL S\ 5\%
Q
|
<Z( 2.0 %
o
Eg15{ X W
L2
& 8 10 (] P———
o
= 3 0.5- WL‘ GAPDH‘-—— -‘
6 .
X 00 L Ll SRR e
B 26 L il N RIS\
D & W O W0 O oY
QO ot X & o o
& a2 & ot P o &
O ARy e & S
@ P « N\
© &=
'\

Merge

Merge

Merge cacCc

Relative miR-29b

C

KLHL5S
5’

730 bp

junc

Circ_026259

Back-splicing
junction

- -
----------------

Exon3

Exon1 Exon2 Exon3 Exon4 Exon5 Exon6

3.5 . s
c 3.01 ?
% 1.5
)
a 1.0
) 05 %
0.0 . | : I ; :
O ) @] 9
@6’0\( 01616 é\’$ 016@6
QOO \(CJ/ '\( -
00?«6'0 é\'\’o
Q
J
<ZE 304
Y 25-
E § 20]
w .
& g 151
o &
>3
o
D
[0’ 0 .

Exon11

1000 bp
700 bp
500 bp
400 bp
300 bp
200 bp
100 bp

pCD25-circ
pCD25-circ_026259
miR-29b mimic NC
miR-29b mimic

Exon Exon

<«— Divergent primer {p —»
Convergent primer
(Single-exon)
Convergent primer
(Across exons)

PdL

Pd +—

RNase R- RNase R+
cDNA gDNA
S S S
) ) )
FSBEgTRE S < B8 L
S5 IV ES TN EEE
gE Yoo fF o oFLo

§ 75 %%k S 1.9~
_Ci .S 60 g __8_ -
E 4 EB"
o D 2
=2 Q 45 q>3 ,5_
8 020 £ 504 s
1.0 &
0.0 & C -
\(0 . $ o (o) (@] S
" \)‘(\\d\ o \\0‘\\\. ‘«\\b\"
oo g
" K -,
22T ?\’,Lg‘o ((\\QL
*%
‘ IGF1 ‘ — — _‘
‘ \ GAPDH | ww s =
: pCD25-circ  + ’ i,
) pCD25-circ_026259 ~ + 4
¥ miR-29b mimic NC  + + i
miR-29b mimic - » &
+





OPS/images/fcell-09-627439-g006.jpg
AGO3
CELF3

PMBICZ IGF1-3'UTRWT  &§'--TTTTTTAGTACAATGGTGCTA--3'

(@)

c_00558 = We — ot o g
BN 4 oar-miR-29b 3' UGUGACUAAAGUUUACCACGAU &' o 5 i - Ll o g5 ol
IGF1-3UTR MUT  5'--TTTTTTAGTACAAACCACGAA -- 3' 2 2 2
EGFR g 20F = - oL 2 S 20
[}
Ciro_024949WT &'~ AAATACAACGCTATGGTGCTG 3 & 15} 4 2 15
o MRA18S. . 8 8 ha
;,AM,E.IZ,?.,.Z oar-miR-29b  3' UGUGACUAAAGUUUACCACGAU &' B o s i
homs  Circ_024949 MUT  5'-- AAATACAACGCTAACCACGAG--3' 24 2 2
HOXAS i 5 @
Q QL [«
N\ IGF1 Ciro_026259 WT  5'--CCAGCTCACAGATTGGTGCTG -3 =0 > = £ - = B = o
" _oarmiR2000 MAEL ) / . W wuT W
Gmadt fuler oar-miR-29b 3' UGUGACUAAAGUUUACCACGAU 5 C“c,oﬂ‘-*ai\;crozmg - 0262590 o 0262%° \GFY w“"Gﬁs uTR
R-291 ‘Ifﬂ’@i: Circ_026259 MUT 5'--CCAGCTCACAGATACCACGAG--3'
oar-miR-487a-3p ‘
Car-miR-655-3p e——sd
Circ_024949 Circ_026259 IGF1 oar-miR-29b
*k %k *%k *k
D E _**_ DS e xS U
2 5 00 2 ; 5 1
A A o 1 500 i 25 L 25 _2 - 50
, S S S S
Circ_024949 [ —— 2 F400 o 2 1.2 ' F2000 o5 @ 1.1 20 5 220 i e
; g 10 z g z ¢ z ¢ E z
circ_026259 [ g $ 8 £ & $ & é 100 £
X 1300 X 0.9 L1500 5 % 1.0 L15 & & 1.5- &
e —— — 5 2 . ;3 = :
0.8
. & 1200 3 & 0.6- , L1000 3 & 0.9 L1032 & 1.0 + 2
B-actin [ — g 009 g g 5 9.1 g o 50 2
Z 0.06 2 = g =202 2 = i 2
‘7 E -100 ©  ® 0.3 ' 500 ® 0 ® ; -05 © T 0.54 : ¥
2 0.03 - o} © 0.1 = ©
4 . v : H 4 - 4
000l ————— e Lo ) L ERR———_L ¥, 0.0F—————B2loo0 (L S —— N,
RO SN IO SN SO SN IO SN
gPCR RNA-seq gPCR RNA-seq gPCR RNA—seq gPCR RNA-seq
185bp
F p/ LN A ATTTAbiAAAG T TAT
Junction N ‘
Circ_024949 W Cor. B il coE.
o j\ B 2_0_‘ P<0.0001 2 201 3.e . P<0.001 220 :'
5 o Qo &% & G
173 bp Junction 5 15(% d15{ °*¢ S 15 %
= : ' . 5 S 5
§ ol ;O A A AG G A G i ) AATAGTAG NI 10- ® ‘“ C}l 10- ‘ ‘ >0 i (':J 10 *
Junction o b 1 L o *
Circ_026259 | E 05, . : , Eo05 . : . €05, : . .
73000 00 05 10 15 0.0 0.5 1.0 15 0.0 0.4 0.8 1.2
/) f\ Circ_024949 expression Circ_026259 expression IGF1 expression

=
'S

o
w

A A N

icF1 [ B S | 21 kDa

(IGF1/B-actin)
o
N

o
-—

Relative protein expression
o
Q

T+

[

3M 1

-l

IGF1

oar-miR-28b  Circ_026259 Circ_024949
+

P ) .
.ﬁ,,“‘ N'('O’\.a‘;- =
- R

IGF1
-+
IGF1+






