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Recent studies have shown that circular RNAs (circRNAs) play important roles in skeletal muscle development. CircRNA biogenesis is dependent on the genetic context. Single-nucleotide polymorphisms in the introns flanking circRNAs may be intermediate-inducible factors between circRNA expression and phenotypic traits. Our previous study showed that circTAF8 is an abundantly and differentially expressed circRNA in leg muscle during chicken embryonic development. Here, we aimed to investigate circTAF8 function in muscle development and the association of the SNPs in the circTAF8 flanking introns with carcass traits. In this study, we observed that overexpression of circTAF8 could promote the proliferation of chicken primary myoblasts and inhibit their differentiation. In addition, the SNPs in the introns flanking the circTAF8 locus and those associated with chicken carcass traits were analyzed in 335 partridge chickens. A total of eight SNPs were found associated with carcass traits such as leg muscle weight, live weight, and half and full-bore weight. The association analysis results of haplotype combinations were consistent with the association analysis of a single SNP. These results suggest that circTAF8 plays a regulatory role in muscle development. These identified SNPs were found correlated with traits to muscle development and carcass muscle weight in chickens.
Keywords: circTAF8, snps, flanking introns, non-coding RNA, muscle development, carcass traits, chicken
INTRODUCTION
Skeletal muscle development directly impacts carcass yield for meat consumption and is affected by heredity, nutrition, breed, sex, and environment (Fortin et al., 1987; Houba et al., 2004; Halevy et al., 2006). From a genetic point of view, muscle development is under the precise regulation of a series of specific genes and signals, mainly including the myogenic regulatory factor family and myocyte enhancer factor-2 family, the paired box transcription factors Pax3 and Pax7, and myostatin (Pas and Visscher, 1994; Grefte et al., 2007). In addition to these coding genes, a growing number of studies have found that noncoding RNAs also play important roles in muscle development (Luo et al., 2013; Cai et al., 2017; Simona et al., 2018).
Circular RNAs (circRNAs) are closed circular RNA molecules formed by back-splicing of a precursor mRNA, lacking a 3ʹ end poly-A tail and an 5ʹ end cap structure (Kristensen et al., 2019). CircRNAs are widely present in eukaryotic animals and participate in various biological processes. Studies have found that circRNAs are closely related to myogenesis, the transformation of muscle fiber types, and skeletal muscle diseases (Kyei et al., 2020; Li et al., 2020; Chen et al., 2021). Our group has previously reported that circSVIL (Ouyang et al., 2018a), circHIPK3 (Chen et al., 2019), and circFGFR2 (Chen et al., 2018) promote the proliferation and differentiation of chicken myoblasts. Biological functions of circRNAs mainly include acting as miRNA sponges, interacting with various RNA-binding proteins (RBPs), and cap-independent translation themselves (Chen and Yang, 2015). Currently, studies on the mechanism whereby circRNAs regulate muscle development mainly focus on the interaction of circRNAs with miRNA (Ouyang et al., 2018a; Chen et al., 2019).
Single-nucleotide polymorphisms (SNPs) are variations of only one nucleotide variation and are widely used in studying animal and plant genetics. To date, numerous SNP markers have been identified to be associated with various important economic traits of chickens (Gorbach et al., 2010; Niknafs et al., 2014). The three SNPs of the growth hormone receptor have been found and genotyped in an F2 full-sib chicken population. G6631778A is related to body weight at various ages, dressed weight, subcutaneous fat thickness, and hatching weight in the roosters. G6631778A is only related to the 28-day-old body weight in the hens (Ouyang et al., 2008). Several SNPs of amylase alpha 1A were associated with leg muscle weight and daily gain (Zhang et al., 2021). Because of SNPs’ wide distribution, high marker density, and high genetic stability, they have become an indispensable tool in chicken genetic breeding. With the in-depth study on circRNAs, studies have shown that SNPs could affect the formation of circRNAs and change their expression level (Paraboschi et al., 2018; Liu et al., 2019; Gao et al., 2021). The multiple-sclerosis-associated SNPs on the STAT3 gene affect the expression level of circRNA has_circ_0043813 (Paraboschi et al., 2018). The rs12196996 polymorphism in the introns flanking circFOXO3 can change circFOXO3 expression and increase the risk of coronary artery disease (Zhou et al., 2020). The biogenesis of circRNAs is influenced by cis-acting elements and trans-acting splicing factors, both of which require the participation of circRNA-flanking introns (Kristensen et al., 2019). SNPs in introns flanking circRNAs may modulate back-splicing of circRNA precursors, thereby affecting the production of circRNAs.
We have previously shown that circTAF8 is one of the top ten abundantly expressed circRNAs in chicken leg muscle at three different time points in embryonic development (GSE89355) (Ouyang et al., 2018b), indicating that circTAF8 functions in muscle development. In this study, we assessed the function of circTAF8 in the proliferation and differentiation of primary myoblasts and analyzed the association of the SNPs in the introns flanking circTAF8 with chicken carcass traits. Accordingly, this study aimed to assess whether phenotypic traits are associated with circRNAs and the SNPs in the circRNA-flanking introns.
MATERIALS AND METHODS
All animal experiments and sampling procedures used in this study were strictly implemented in accordance with the regulations of the ethics committee of laboratory animals of South China Agricultural University (approval ID: SCAU#2020C030). All samples and carcass-trait data were collected in Guangzhou Kwangfeng Industrial Co., Ltd. Guangzhou Kwangfeng Industrial Co., Ltd., is the animal experimental unit operated under South China Agricultural University.
Experimental Animal and Sample Collection
A total of 335 healthy partridge chickens of the M3 line (77 males and 258 females) were selected to screen for SNPs. Blood samples were collected in anticoagulant tubes containing 0.5 M EDTA, and E.Z.N.A.® Blood DNA Mini Kit (Omega Bio-tek, Norcross, GA, United States) was used to isolate the genomic DNA from blood. The concentration and quality of DNA were determined using NanoDrop One (Thermo Fisher Scientific, Seattle, WA, United States) and 1% agarose gel electrophoresis. The DNA samples were stored in an ultra-low temperature refrigerator at –80°C for later use.
The phenotypic traits mainly included live weight before slaughter (LWBS), carcass weight (CW), half-bore weight (HBW), full-bore weight (FBW), pectoral muscle weight (PMW), leg muscle weight (LMW), wing weight (WW), foot weight (FW), head weight (HW), heart weight (HW), liver weight (LW), stomach weight (SW), abdominal fat weight (AFW), shank length (SL), and shank diameter (SD). These obtained data were quantified and analyzed in Microsoft Excel 365 (Microsoft Corporation, Redmond, WA, USA).
In addition, four 7-week-old white Recessive Rock (WRR) chickens with similar weights were selected. The heart, liver, spleen, lung, kidney, pectoral, leg chicken, cerebellum, epencephalon, and abdominal fat were collected to characterize the tissue expression profiles of circTAF8 and TAF8.
Genotyping SNPs via Polymerase Chain Reaction
Primers based on the TAF8 gene sequence provided by NCBI (accession number: NC_052,555.1) were designed using the Oligo 7 software version 7.56 (Molecular Biology Insights, Cascade, CO, USA) and synthesized by Beijing Tsingke Biotechnology Co., Ltd. (Beijing, China). The information about the primers used is shown in Supplementary Table S1. PCR was performed in a total volume of 30 μl including the following: 2 μl DNA template, 15 μl 2× Flash PCR Master Mix (CWBio, Beijing, China), 2 μl forward and reverse primers each, and 9 μl ddH2O. The PCR program was as follows: pre-denaturation 95°C for 5 min; 35 cycles of denaturation at 94°C for 25 s, annealing at 60°C for 25 s, and extension at 72°C for 10 s; final extension at 72°C for 5 min. The PCR products were analyzed via 1% agarose gel electrophoresis.
Isolation, Culture, Differentiation, and Transfection of Chicken Primary Myoblasts
Primary myoblasts were isolated from the leg muscle of chick embryos (eggs were from Zhuhai Yuhe Agriculture and Animal Husbandry Co., Ltd.) on day 11, as previously described (Cai et al., 2017). The isolated leg muscles were washed with phosphate-buffered saline (PBS; Gibco, Carlsbad, CA, USA) containing 1% penicillin/streptomycin (Gibco, CA, USA), and visible skin and bone tissue were removed using sterile forceps. The minced muscle tissue was digested with 0.25% trypsin-EDTA (Gibco, CA, USA) at 37°C for 20 min. The cell suspension after digestion was filtered and centrifuged at 1,000 g for 5 min. The supernatant was discarded, and the precipitated cell pellet was suspended in the growth medium, consisting of RPMI-1640 medium (Gibco, CA, USA), 20% fetal bovine serum (Gibco, CA, USA), and 1% penicillin/streptomycin. A twice 40-min interval attachment was used to purify myoblast. Then, cells were counted and seeded in cell culture dishes and cultured in an incubator at 37°C in a 5% CO2-humidified atmosphere. After the cell density reached 95%–100%, the medium was replaced with the differentiation medium (RPMI 1640 Medium, 2% horse serum [Solarbio, Beijing, China], and 1% penicillin/streptomycin).
All cells were transfected using Lipofectamine 3000 reagent (Invitrogen, CA, USA) by following the manufacturer’s directions.
RNA Extraction, cDNA Synthesis, and RT-PCR
Total RNA was extracted according to the SteadyPure Universal RNA Extraction Kit (Accurate Biology, Wuhan, China) instructions. The concentration and integrity of extracted RNA were tested for using NanoDrop One and 1% gel electrophoresis. Evo M-MLV RT Kit (Accurate Biology, Wuhan, China) was used for reverse transcription. The cDNA obtained by transcription was used for the next step of RT-PCR. The PCR amplification procedure was as follows: pre-denaturation at 95°C for 20 s; 40 cycles of denaturation at 95°C for 20 s, and annealing and extension at (58–60) °C for 30 s. The GAPDH gene was used as an internal reference gene. All relative RNA expression was calculated using 2−ΔΔ CT method (Livak and Schmittgen, 2001). The primer information is shown in Supplementary Table S1.
CircTAF8-Overexpressed Plasmid Construction
Forward and reverse primers based on the general rules of PCR-primer design were designed to amplify the linear sequence of circTAF8. After the design was completed, an EcoRI restriction site, a forward circularization-mediating sequence, and an AG acceptor were added in the 5ʹ end of the forward primer; a BamHI restriction site, a reverse circularization -mediating sequence, and a GT donor were added in the 5ʹ end of the reverse primer. The linear sequence of circTAF8 was amplified via PCR from the myoblast’s total cDNA, which was cloned into the pCD25-ciR vector by using BamHI and EcoRⅠ restriction sites.
The primer sequences were as follows:
Forward primer: CGG​AAT​TCT​AAT​ACT​TTC​AGA​GGT​CGG​GCA​GCA​AGC​ACA​C.
Reverse former: CGG​GAT​CCA​GTT​GTT​CTT​ACT​GGT​GTC​TTG​ATG​TAG​GTG​T.
Nuclear and Cytoplasmic RNA Extraction
The total number of cells required for this experiment was about 2 × 107. First, the cells were washed 3 times with precooled PBS; then, the cells were scraped off using a cell scraper, collected in a 50-ml centrifuge tube, and centrifuged at 1,000 g for 10 min. Subsequently, each cell pellet was resuspended in 1 ml cell-disruption buffer (2 M KCl, 1 M MgCl2, 1 M pH 7.5 Tris–HCl, 0.5 mM DTT) and then incubated on ice for 10 min. Afterward, the cells were transferred to a pre-baked Dounce cell homogenizer (Solarbio, Beijing, China) and homogenized with 15 strokes using a pestle. The homogenates were transferred to a new microtube, gently mixed with Triton X-100 (Beyotime, Shanghai, China) at a final concentration of 0.1%, and centrifuged at 1,500 g for 15 min. The supernatants, corresponding to the cytoplasmic fraction, were transferred to a new microtube. The pellets correspond to the nuclear fraction. Nuclear and cytoplasmic RNA was extracted using the TRIzol reagent (Sigma-Aldrich, San Francisco, CA, USA).
RNase R Digestion and Actinomycin D Treatment
Total RNA (2.5 μg) was treated with 10U RNase R (Geneseed, Guangzhou, China) for 30 min at 37°C. The RNA digestion efficiency was evaluated using electrophoresis.
Primary chicken myoblasts were cultured in the presence or absence of 5 μg/ml actinomycin D (MedChemExpress, Shanghai, China) for 6 h. Then, total RNA from various treatment groups was extracted using the SteadyPure Universal RNA Extraction Kit.
Cell Counting Kit 8 Assay
Cells at the proliferation phase were seeded in a 96-well plate. When they reached 60% confluence, they were transfected with the indicated constructs. The CCK-8 reagent (Beyotime, Shanghai, China) was used to detect cell proliferation at 12, 24, 36, and 48 h of culture. The absorbance at 450-nm wavelength was measured using a microplate reader Model 680 (Bio-Rad, Berkeley, CA, USA).
5-Ethynyl-2′-Deoxyuridine Assay
As previously reported (Cai et al., 2021), Edu staining was performed using Cell Light EdU Apollo 488 In Vitro Kit (Ruibo, Guangzhou, China). Briefly, cells were incubated in 50 μM EdU solution for 2 h and then fixed for 30 min using 4% paraformaldehyde solution. Subsequently, 0.1% Triton X-100 solution was used for cell permeabilization. Finally, the cells were incubated with Hoechst reaction solution at room temperature in the dark for 30 min. A Leica DMi8 fluorescence microscope (Leica Microsystems, Wetzlar, Germany) and ImageJ software (U.S. National Institutes of Health, Bethesda, MD, United States) (Schneider et al., 2012) were used to acquire and analyze the image, respectively.
Flow Cytometric of the Cell Cycle
After 48 h of transfection, cells were collected and fixed in 70% ethanol at –20°C for 24 h. Then, they were centrifuged at 1,000 g for 5 min, and the cell pellets were resuspended in precooled PBS. Subsequently, 0.5 ml pI/RNase staining buffer (BD Biosciences, Franklin Lakes, NJ, USA) was added to each sample, and the sample was incubated at 37°C in the dark for 30 min. Flow cytometric analysis was performed on a BD FACSCalibur (BD Biosciences, NJ, USA), and the data were processed using FlowJo software (Treestar, Woodburn, OR, USA).
Immunofluorescence
The cells after transfection were washed twice with PBS, fixed in 4% formaldehyde solution for 30 min, and permeated with 0.1% Triton X-100 at room temperature for 10 min. After blocking with goat serum (Boster, Wuhan, China) for 30 min, the cells were incubated overnight with MyHC antibody (1:50 dilution; DHSB, IA, USA) at 4°C. After washing 3 times with PBS, the goat anti-mouse IgM/FITC antibody (1:1,000 dilution; Bioss, Beijing, China) was added and incubated at room temperature for 1 h. Finally, the nucleus was stained with a DAPI staining solution (Beyotime, Shanghai, China). A fluorescence microscope and ImageJ software were used to acquire and analyze the image, respectively.
Western Blot
rBriefly, cells were washed twice with precooled PBS, mixed with the RIPA buffer (Solarbio, Beijing, China) containing 1% PMSF (Solarbio, Beijing, China), and then incubated on ice for 30 min. The cell lysates were centrifuged at 12,000 g for 10 min. The supernatant was mixed with the 5× SDS-PAGE loading buffer and then incubated at 95°C for 5 min. The extracted proteins were separated via SDS-PAGE and transferred to a PVDF membrane (400 mA, 30 min). The membrane was blocked with 5% skimmed milk powder for 1 h, then incubated with a primary antibody solution overnight at 4°C. Afterward, the PVDF membrane was washed three times with TBST solution (Beyotime, Shanghai, China) for 5 min and then incubated with the secondary antibody solution at room temperature for 60 min. The protein immunoblot results were analyzed using the Odyssey Fc system (LI-COR, Lincoln, NE, USA). β-Tubulin was used as an internal reference. The relative protein levels normalized the β-tubulin protein content. The antibody information is as follows: rabbit anti-β-tubulin (1:1,000 dilution; Bioss, Beijing, China), rabbit anti-MyoD1 (1:1,000 dilution; Bioss, Beijing, China), MyHC antibody (1:1,000 dilution; DHSB, IA, USA), goat anti-rabbit IgG H&L antibody (1:3,000 dilution; Bioss, Beijing, China), and goat anti-mouse IgG H&L antibody (1:3,000 dilution; Bioss, Beijing, China).
Statistical Analyses
The genotype frequency and gene frequency distribution of different alleles were evaluated using Microsoft Excel. The polymorphism information content (PIC) calculation of SNPs sites was based on the formula
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Pi and Pj are the frequencies of the “ith” and “jth” alleles, respectively, and n is the number of multiple alleles. PIC >0.5 indicates high polymorphism, PIC <0.25 indicates low polymorphism, and 0.25 < PIC <0.5 indicates moderate polymorphism.
The mixed linear model in SPSS 25.0 software (IBM, Armonk, NY, USA) was used to conduct an association analysis between different combinations of genotypes and haplotypes of polymorphic sites and chicken carcass traits. The results are shown as “mean ± standard error.” The analysis model is as follows:
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Yijlm is the observed value, μ is the overall average, Gi is the fixed effect of the genotype, Sj is the fixed effect of sex, ƒl is the random effect of the family, and eijlm is the random error term. Bonferroni’s test was performed to control for multiple comparisons. In addition, we used online SHesis (Yong and He, 2005) and EMBOSS Needle (Madeira et al., 2019) software to analyze the linkage disequilibrium of SNP sequence complementary information, respectively.
A priori power analyses were performed using G*Power software version 3.1.9.7 (Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany) (Faul et al., 2009) based on the effect size and standard deviation of a previous publication (Chen et al., 2021) or preliminary data to achieve a significance level (α) of 0.05 and a power of 0.8. In this study, three biological replicates were included in the analyses unless stated otherwise. The statistical analyses and drawings were performed using GraphPad Prism 8.0 (GraphPad Software, CA, USA). The statistical significance of the difference between the two groups was calculated using the unpaired Student’s t-test. One-way analysis of variance (ANOVA) was used to evaluate the differences among multiple groups, followed by Tukey’s multiple-comparison test. The data were shown as mean ± standard error of the mean (SEM).
RESULTS
Identification of circTAF8 Molecular Characteristics
In this study, to verify that circTAF8 is not a technical artifact, specific divergent and convergent primers were designed based on the back-splicing sites of circTAF8. Primary myoblast cDNA and genomic DNA (gDNA) were used for PCR. The PCR products of divergent primer were sent to Beijing Tsingke Biotechnology Co., Ltd., for Sanger sequencing. The sequencing results confirmed that circTAF8 is the product of the head-to-tail cyclization of exons 2, 3, 4, and 5 of the protein-coding gene TAF8 (441 bp in total), located on chromosome 26 (Figure 1A). The electrophoresis results showed that both divergent and convergent primers could yield PCR products when cDNA was used as the template, whereas only the convergent primers could yield a product when gDNA was used as the template (Figure 1B).
[image: Figure 1]FIGURE 1 | Identification of circTAF8 in chicken. (A) Genomic location and looping model of circTAF8 and Sanger sequencing results. (B) Electrophoresis results of circTAF8 amplified from cDNA and gDNA with divergent and convergent primers, respectively. (C) Reverse transcription-polymerase chain reaction (RT-PCR) assays to detect β-actin, TAF8, circTAF8, and circHIPK3 RNA expression levels with and without RNase R treatment. (D) RT-PCR to detect circTAF8 and TAF8 RNA expression levels with and without actinomycin D treatment. (E) RT-PCR results showing the circTAF8 subcellular localization. (F) RT-PCR results showing the circTAF8 expression level in XH and WRR groups. (G) Relative RNA expression level of circTAF8 in diverse tissues. (H) Relative TAF8 RNA levels in diverse tissues. (I) The relative levels of TAF8 RNA and circTAF8 in each tissue. The results of are shown as mean ± S.E.M from at least three biological replicates. The statistical significance of the differences was assessed using the unpaired Student’s t-test or one-way analysis of variance (ANOVA) (* p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001).
CircRNAs showed resistance to digestion with exonuclease RNase R due to the lack of a 3ʹ end poly-A tail. Using RT-PCR, we quantified the expression levels of circTAF8 and its parent gene TAF8 after RNase R digestion. Meanwhile, circHIPK3 was used as a positive control and β-actin as a negative control. The results showed that the expression levels of circTAF8 and circHIPK3 did not change, and linear TAF8 and β-actin were almost undetectable (p < 0.01; Figure 1C). Then, since circRNAs usually have a longer half-life than linear RNA, we performed actinomycin D (5 μg/ml) treatment to myoblasts for 6 h for the stability evaluation of circTAF8. RT-PCR results showed no significant difference in the expression level of circTAF8 after actinomycin D treatment. In contrast, the expression of the parent gene TAF8 was significantly reduced (p < 0.05; Figure 1D). Nuclear and cytoplasmic RNA extraction assays were employed to determine the subcellular localization of circTAF8. U6, β-actin, and GAPDH are used as controls; U6 is mainly distributed in the nucleus, and β-actin and GAPDH are mainly distributed in the cytoplasm. The results showed that circTAF8 is present in both the cytoplasm and the nucleus (Figure 1E). Next, the expression level of circTAF8 was detected in the Xinghua (XH) and WRR chicken groups by RT-PCR, and the results showed that the expression of circTAF8 in WRR was significantly higher than in XH (p < 0.05; Figure 1F). XH and WRR are two breeds with different growth rates. The expression levels of circTAF8 and TAF8 in diverse tissues were quantified using qPCR. The expression profile data showed that the circTAF8 level was highest in the abdominal adipose (Figure 1G), and TAF8 was the highest in the lung (Figure 1H). Interestingly, compared with other tissues, the expressions of circTAF8 and TAF8 in muscle seems to be relatively low. In addition, the circTAF8 level in various tissues is significantly higher than that of TAF8 RNA (Figure 1I). In the lung and muscle, the circTAF8 level is approximately 200- and 50-fold the TAF8 RNA level, respectively.
CircTAF8 Promotes Myoblast Proliferation
To study the effect of circTAF8 on the proliferation of primary myoblasts, primary myoblasts were transfected with the circTAF8 overexpression plasmid. The expression level of circTAF8 was detected by RT-PCR 48 h after transfection. The results showed that compared with the control group, the overexpression effect of circTAF8 reached a significant level (p < 0.01; Figure 2A). Then, flow cytometric analysis was performed to evaluate the cell cycle in primary myoblasts, and the results showed that the overexpression of circTAF8 increased the number of cells in the S phase and decreased the number of cells in the G1/0 phase (p < 0.001; Figure 2B). Besides, the CCK8 experiment was used to determine the proliferation status of myoblasts at various time points after overexpression of circTAF8. The results showed that the proliferation activity of the overexpression circTAF8 group was higher than that of the control group (p < 0.0001; Figure 2C). Afterward, the proliferation of the primary myoblasts was detected by EdU incorporation assays. EdU staining results showed that the ectopic expression of circTAF8 could significantly promote the proliferation of primary myoblasts (p < 0.05; Figures 2D,E). RT-PCR was used to detect the expression of multiple proliferation-related marker genes, and the results showed that the expression levels of Cyclin D1, Cyclin D2, and Cyclin B2 were significantly increased (p < 0.05; Figure 2F).
[image: Figure 2]FIGURE 2 | CircTAF8 promote the proliferation of myoblasts. (A) The relative expression level of circTAF8 after transfecting chicken primary myoblast (CPMs) with pCD25-ciR-circTAF8 or pCD25-ciR. (B) Cell-cycle analysis of CPMs transfected with pCD25-ciR-circTAF8 and pCD25-ciR for 36 h. (C) CCK8 analysis of CPMs transferred with pCD25-ciR-circTAF8 and pCD25-ciR. (D) 5-Ethynyl-2′-deoxyuridine (EdU) staining assays for CPMs transferred with pCD25-ciR-circTAF8 and pCD25-ciR for 48 h. (E) Fold change in proliferation rates of CPMs upon transfection with pCD25-ciR-circTAF8 or pCD25-ciR for 48 h. (F) Relative mRNA levels of proliferation-related genes after transfection of CPM pCD25-ciR-circTAF8 or pCD25-ciR. The data are shown as the mean ±(S.E.M) from at least three biological replicates. The statistical significance of the differences was assessed using the unpaired Student’s t-test (* p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001).
CircTAF8 Inhibit Myoblast Differentiation
We transfected the circTAF8 overexpression plasmid into chicken myoblast cells to investigate the potential role of circTAF8 on primary myoblast differentiation. After cell density achieved 95%–100%, the growth medium was replaced by the differentiation medium. The total RNA and protein were extracted after 36 h of continuous differentiation. RT-PCR was used to detect the expression level of relevant differentiation marker genes, and the results showed that compared with the control group, the expressions of MyoD and MyHC were significantly or extremely significantly reduced (p < 0.05; p < 0.01; Figure 3A). In addition, the protein expressions of MYOD and MYHC were detected by Western blot, and the results were similar to the changes in mRNA level (p < 0.05; p < 0.01; Figure 3B). The immunofluorescence of MyHC showed that the overexpression of circTAF8 significantly reduced the myotube and the overall muscle fiber area (p < 0.01; Figure 3C). Afterward, we compared the expression levels of circTAF8 and TAF8 at different differentiation times of myoblasts (Figures 3D,E). The results showed that the expression level of circTAF8 during the proliferation phase was relatively high, and the expression level significantly decreased after differentiation began and then slowly increased. The expression level of TAF8 in different developmental stages of myoblasts did not reach a statistically significant difference.
[image: Figure 3]FIGURE 3 | CircTAF8 inhibits myoblast differentiation. (A) Reverse transcription–polymerase chain reaction results showing the mRNA level of the cell differentiation-related genes in CPMs upon transfection with pCD25-ciR-circTAF8 or pCD25-ciR. (B) Western blot results showing the MYOD and MYOG protein levels in CPMs upon transfection with pCD25-ciR-circTAF8 or pCD25-ciR. (C) MyHC Immunofluorescence analysis of the myotubes transfected with pCD25-ciR-circTAF8 or pCD25-ciR. (D) Relative circTAF8 RNA level at various timepoints during myoblast differentiation. (E) Relative TAF8 RNA levels at various timepoints during myoblast differentiation. The results are shown as mean ± S.E.M from at least three biological replicates. The statistical significance of the differences was assessed using the unpaired Student’s t-test or one-way analysis of variance (ANOVA) (* p < 0.05; **p < 0.01).
Association of the SNPs in the Introns Flanking circTAF8 With Carcass Traits
To investigate the distribution of SNPs in the introns flanking circTAF8, primers P1, P2, and P3 were used for PCR of a mixed pool of 50 DNA samples, and the PCR products were sent to Beijing Tsingke Biological Co., Ltd., for sequencing. The results show that 10 and seven SNP sites were detected in the PCR products obtained from P1 and P2, respectively, and no SNPs were detected in the PCR products of P3. The peak figures of the above sequencing results are shown in Supplementary Figure S2. All the detected SNP sites are located in the 5ʹ flanking region of the TAF8 gene. Subsequently, direct sequencing was applied to all 335 partridge chicken DNA PCR products amplified with P1 and P2, and the sequencing files were analyzed by SeqMan software (DNASTAR, Madison, WI, USA). The analysis results showed that all the above SNPs had detected three genotypes. The statistical results of the frequency of genotypes and alleles are shown in Supplementary Table S2. Χ2 fitness test results showed that only 12 SNPs were in Hardy–Weinberg equilibrium (p > 0.05). The calculation results of PIC showed that except for g.-1576A > G, the remaining 16 SNPs were all moderate polymorphic, indicating that the genetic variation TAF8 was at a medium level and had great potential for selection.
The association analysis results showed that only eight SNPs were related to carcass traits (Table 1). g.-1771 G > C was significantly correlated with FBW and AFW (p < 0.05) and was extremely significantly correlated with SL (p < 0.01), and individuals of GG genotype had significantly higher FBW and SL. The locus g.-1576A > G was significantly correlated with HBW (p < 0.05). Both g.-1554 T > C and g.1480A > C were extremely significantly related to the LMW (p < 0.01), and TT and AA genotype individuals had significantly higher LMW (p < 0.05). The remaining four sites were associated with similar traits. g.-289 C > T, g.-288A > G, and g.-210 T > C were significantly associated with LWBS, HBW, and FBW, respectively (p < 0.05). g.-288A > G, g.-210 T > C, and g.-173A > G were significantly correlated with WW. g.-173A > G was also significantly related to FBW (p < 0.05).
TABLE 1 | Association of eight SNPs in introns flanking circTAF8 with carcass traits.
[image: Table 1]Linkage Disequilibrium and Haplotype Analysis of Eight SNPs circTAF8 Flanking Introns
The SHEsis online analysis software was used to analyze the linkage disequilibrium and haplotype of the above eight SNPs. The results showed that g.-1554 T > C and g.-1480A > C can form strong linkage disequilibrium. In addition, the remaining four loci g.-289 C > T, g.-288A > G, g.-210 T > C, and g.-173A > G were in a state of strong linkage disequilibrium (Figure 4). A total of seven haplotypes were found in the g.-1554 T > C and g.-1480A > C groups. Only four haplotypes were selected for further analysis, excluding the small individuals (Table 2). These four were CCAC (6), CCCC (191), TCAC (101), and TTAA (20). Ten haplotypes consist of other four SNPs. Haplotype combinations CCAATCAA (6), CCAATTAA (65), CCAGTCAG (16), CTAGTCAG 135), and TTGGCCGG 82) were used to analyze further the association with carcass traits, except for groups with fewer individuals.
[image: Figure 4]FIGURE 4 | LinKage disequilibrium analysis among 8 SNPs in the introns flanking of circTAF8. The linkage among SNPs was evaluated based on Dʹ and r2. (A) Dʹ on the left. Dʹ = 1 indicates full linkage, Dʹ = 0 indicates no linkage or linkage equilibrium. (B) r2 on the right. r2 = 1 indicates full linkage, r2 > 0.33 indicates strong linkage, r2 = 0 indicates no linkage or linkage equilibrium.
TABLE 2 | Association of the combinations of TAF8 haplotypes with carcass traits.
[image: Table 2]The association results showed that haplotypes of g.-1554 T > C and g.-1480A > C significantly related to LWM (p < 0.05) and individuals of TTAA haplotypes had higher LMW (Table 2). The haplotypes composed of g.-289 C > T, g.-288A > G, g.-210 T > C, and g.-173A > G were significantly related to LWBS and FBW (p < 0.05) and were extremely significantly related to HBW and LMW (p < 0.01). Individuals of the CCAATCAA haplotype had higher LWBS, and individuals of the CCAGTCAG haplotype had higher LMW. Haplotype individuals of TTGGCCGG haplotype had higher FBW and HBW. The results of the association analysis of haplotype combinations were consistent with a single SNP.
Complementary Pairing Analysis in Flank Sequence of circTAF8
We first used the online software EMBOSS Needle to analyze the sequence complementarity between the flanking introns of circTAF8 (Figure 5A). The comparison results showed multiple complementary sequences in the two introns. Then, the sequences of the short fragments upstream of the eight SNP sites were aligned with the sequences of the downstream flanking introns (Figure 5B). The results showed that all SNP sites have short complementary sequences.
[image: Figure 5]FIGURE 5 | Sequence alignment information. (A) The global alignment of introns flanking circTAF8. (B) The short reverse complementary sequences of SNPs in flanking introns of circTAF8.
DISCUSSION
Muscle development is a complex process precisely regulated by specific genes and signaling pathways (Houba et al., 2004; Grefte et al., 2007). CircRNAs, as a new type of posttranscriptional regulator in skeletal muscle, have also been discovered in rhesus monkeys, mice, pigs, cattle, and sheep (Huang et al., 2018; Xu et al., 2018; Hao et al., 2020; Chen et al., 2021). Our previous studies have shown that circRNAs are abundantly and dynamically expressed during chicken muscle development (Ouyang et al., 2018b). According to the previous sequencing data, circTAF8 is highly and differentially expressed in the skeletal muscle at 11 embryo age, 16 embryo age, and 1-day post-hatch (Ouyang et al., 2018b), indicating that circTAF8 has a potential role in muscle development. To confirm this hypothesis, we first identified the molecular properties of circTAF8. PCR and Sanger sequencing results showed that circTAF8 was a back-splicing product derived from the two to five exons of protein-coding gene TAF8. In general, high cellular stability and longer half-life time were standard features of circRNAs due to their closed-ring structure (Kristensen et al., 2018; Kristensen et al., 2019). CircTAF8 showed resistance to digestion with exonuclease RNase R compared with the linear transcript in our results. In addition, the subcellular localization of circRNAs is closely related to their function (Wang et al., 2014). Our results showed that circTAF8 is mainly present in the cytoplasm. Multiple reports have found that most circRNAs that are related to skeletal muscle and function as miRNA sponges are located in the cytoplasm (Ouyang et al., 2018a; Chen et al., 2019; Chen et al., 2021). These results indicate that circTAF8 was reliable and stable in chicken muscle.
Breed type affects the rate of muscle development (Fortin et al., 1987). The circTAF8 expression level ranked second in circRNA sequencing data from the breast muscle of 7-week-old XH and WRR chickens (unpublished data), and the level was higher in WRR chicken than in XH chicken. XH chicken is a native slow-growing broiler; WRR is a typical fast-growing broiler (Ouyang et al., 2015). Our results presented here are consistent with sequencing data, suggesting that circTAF8 is a positive regulator of chicken muscle development. Cell confluence is essential for maintaining cell phenotype and regulating gene expression (Abo-Aziza and Zaki, 2017). Cell dynamics indicated that myoblasts would exit the exponential growth phase and begin to differentiate when they reach 100% confluence (Tanaka et al., 2011). In our study, the confluence of the chicken primary myoblasts for cell proliferation-related assays was about 60% when transfected, and the cells will fuse to 100% for 48 h after transfection. All proliferation-related assays were performed within 48 h. In comparison, the cell density for the differentiation-related study was about 70%–80% when transfected, and the myoblasts were continually differentiated using a differentiation medium for 36 h when cell density achieved 100% after transfection. Accordingly, the gain-of-function test of circTAF8 showed that circTAF8 promotes the proliferation of skeletal myoblasts and inhibits their differentiation in chickens. During myogenesis, the extent of myoblast proliferation largely determines the number of muscle fibers (te Pas, 2004). Commercial broilers usually have more muscle fibers than slow-growing chickens (Scheuermann et al., 2004; Al-Musawi et al., 2011). Therefore, the pro-proliferation effect of circTAF8 on myoblasts is essential for muscle development. However, the specific mechanism of circTAF8 in skeletal muscle regulation has not been elucidated yet, and further investigation is needed.
Genome-wide association studies have identified millions of SNPs associated with complex growth traits in chickens (Muir et al., 2008). However, how these genetic variations are related to phenotypes is often unclear. Most variation sites are located in noncoding regions such as introns and intergenic regions (Zhao et al., 2003; Abdollahi-Arpanahi et al., 2016). Interestingly, there have been reports confirming that the inverted repeat elements, complementary sequences, and certain specific motifs in the flanking introns of circRNAs can regulate the circularization of the circRNAs (Zhang et al., 2014; Ivanov et al., 2015; Conn et al., 2015). In our study, by comparing the flanking intron sequences at both ends of circTAF8, we found multiple complementary sequences between the upstream and downstream introns, indicating that the complementary pairing of introns may directly or indirectly affect the formation of circTAF8. Recent studies have reported that the polymorphism of the introns flanking circRNAs might regulate the expression of circRNAs (Burd et al., 2010; Paraboschi et al., 2018; Zhou et al., 2020). CircANRIL is transcribed from the lncANRIL gene, and the SNP within 200 bp of an ANRIL intron–exon boundary may contribute circANRIL expression, leading to risk of atherosclerotic vascular disease (Burd et al., 2010). The SNP site rs12196996 in the flanking intron of circFOXO3 is associated with the risk of coronary artery disease, due to its effect on the expression level of circFOXO3 (Zhou et al., 2020). At present, several research teams have provided databases on the correlation between circRNAs quantitative trait loci (circQTLs) and complex diseases (Ghosal et al., 2013; Liu et al., 2019; Gao et al., 2021), but research on the growth traits of animals has not been reported. As a layer of gene regulation network, the expression of circRNAs may be an intermediate phenotype that connects genetic variation and phenotypic change.
Given the importance of flanking introns in circRNA transcription level and phenotypic variation, we investigated the polymorphism of flanking introns of circTAF8. The association results showed that a total of eight SNPs were related to carcass traits, and four SNP sites (g.-289 C > T, g.-288A > G, g.-210 T > C, and g.-173A > G) are located within the 150-bp region of the 5ʹ upstream splice acceptor. These observations were consistent with previous studies, and most circQTL SNPs were close to the splicing sites (Ahmed et al., 2019; Liu et al., 2019). It is well known that skeletal muscle is the largest tissue organ in the body, accounting for about 40%–50% of the total body weight (Frontera and Ochala, 2015). Full-bore and leg muscle weight were closely related to muscle development. In this study, g.-289 C > T, g.-288A > G, g.-210 T > C, and g.-173A > G were significantly related to full-bore weight. Both g.-1480A > C and g.-1554 T > C were extremely significantly correlated with leg muscle weight. Haplotypes can usually provide more information than a single SNP site can because animal phenotypes can be affected by multiple mutations (Liu et al., 2008). The association of haplotype combinations was consistent with the results of the association analysis of a single SNP. It is worth noting that four SNPs close to the splice receptor are strongly linked to form a haplotype. This haplotype was significantly related to live weight, full-bore weight, half-bore, and leg muscle weight. In addition, we found that all eight SNP sites have short complementary sequences, indicating that the polymorphisms of these SNP sites may regulate the production of circTAF8. Based on the above results, TAF8 may serve a new SNP maker in chicken genetics and breeding, and circTAF8 may contribute to understanding the potential regulatory mechanisms of this genetic trait.
Interestingly, the results of tissue expression profiling showed that the expression level of circTAF8 was significantly higher than that of the linear transcript in various tissues of chicken; circTAF8 seems to be the major transcript of pre-TAF8. Generally, the level of circRNAs is lower than those of corresponding parent genes (Guo et al., 2014). However, some circRNAs are expressed at high levels in some unique cell lines or tissues independently of their host genes (Salzman et al., 2013; Rybak-Wolf et al., 2015). TAF8 is a TBP-binding protein of the multi-subunit transcription factor TFIID. TFIID plays a crucial role in the binding of RNA polymerase Ⅱ to transcription factors and core promoters (Trowitzsch et al., 2015). Research related to TAF8 mainly focuses on the TFIID assembly; relatively few studies focus on its function and polymorphism. Previous reports have shown that TAF8 can promote the differentiation of 3T3-L1 preadipocyte cells into adipocytes. However, it does not appear to play a role in the myogenesis of C2C12 cells (Guermah et al., 2003). Interestingly, our results showed that the expression level of the TAF8 gene was the lowest in breast muscle and leg muscle. In addition, we found that the protein sequence of TAF8 was conserved entirely between chicken and mouse by the NCBI protein blast tool. CircRNAs are often closely related to the expression or function of their linear host genes. Various circRNAs and their host genes, such as circRBFOX2, circSVIL, circLMO7, circFGFR4, circFGFR2, and circTTN, all play a regulatory role in muscle development (Wei et al., 2017; Li et al., 2018a; Ouyang et al., 2018a; Ouyang et al., 2018b; Chen et al., 2018; Wang X. et al., 2019). However, it is worth noting that some parent genes of circRNAs related to skeletal muscle development have not been reported to be involved in muscle development, such as circTMTC1, circZNF609, circFUT10, and circHIPK3 (Li et al., 2018b; Wang Y. et al., 2019; Chen et al., 2019; Shen et al., 2019). These results suggested that pre-TAF8 is involved in regulating muscle development which might mainly be through this circular transcript. Although the function of TAF8 on chicken muscle development has not been explored, considering that circTAF8 is the main transcript, we speculate that the association effect of the flanking introns of circTAF8 with carcass traits might be mainly realized through the expression of circTAF8 in chicken. Whether circRNAs are a regulator between phenotypic traits and SNP needs to be confirmed via additional research.
CONCLUSION
In summary, circTAF8 regulates skeletal muscle development by promoting myoblast proliferation and inhibiting myoblast differentiation. The SNPs in introns flanking circTAF8 are significantly correlated with multiple carcass traits, such as live weight, full and half-bore weight, and leg muscle weight. The association between SNPs and phenotypic traits may be achieved through the expression of circTAF8.
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