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CircMEF2C(2, 3) modulates proliferation
and adipogenesis of porcine intramuscular
preadipocytes by miR-383/671-3p/MEF2C axis

Xiaoyin Rong,1,2,3 Ruixiao Li,1,2,3 Tianye Gong,1,2 Haonan Li,1,2 Xiaolei Zhao,1,2 Guoqing Cao,1,2 Meng Li,1,2

Bugao Li,1,2 Yang Yang,1,2,* and Xiaohong Guo1,2,4,*
SUMMARY

Circular RNA is a special category of non-coding RNA that has emerged as epigenetic regulator of adipose
tissue development. However, the mechanism governing intramuscular adipogenesis of circRNA remains
largely uncharted. In this study, circMEF2C(2, 3), looped by MEF2C exons 2 and 3, was identified from
the pig MEF2C gene. Expression of circMEF2C(2, 3) is upregulated in early stage of intramuscular adipo-
genesis and muscular tissue of lean pigs (DLY pig). Subsequently, overexpression or knockdown of
circMEF2C(2, 3) reflected that it participates in promoting proliferation and inhibiting adipogenic differ-
entiation in porcine intramuscular preadipocytes andmurine C3H10T1/2 cells.Mechanically, circMEF2C(2,
3) competitively combinedwithmiR-383 andmiR-671-3p to the 30-UTR ofMEF2C, whichmaintainsMEF2C
expression in regulating proliferation and adipogenesis. In summary, circMEF2C(2, 3) is a key regulator in
the proliferation and adipogenic differentiation of intramuscular adipogenesis, suggesting its potential as
a multi-target strategy for adipose development and associated diseases.

INTRODUCTION

Adipose tissue plays a critical role as the body’s primary energy store, offering organ protection and hormonal regulation. Nevertheless,

excessive adipose accumulation contributes to obesity cardiovascular diseases, and diabetes risks.1,2 Therefore, further research is necessary

for a comprehensive understanding regulation of adipocyte differentiation. Pigs, given their physiological and metabolic similarities to

humans, particularly in adipose generation and metabolism, serve as valuable models for studying these mechanisms. Additionally, the

thickness of subcutaneous fat and intramuscular fat (IMF) content profoundly affects pork quality.3,4 IMF influences marbling scores and con-

tributes to meat flavor through its adipose composition.5,6 Therefore, exploring adipocyte generation in IMF holds immense significance for

both livestock production and human health.

Adipocyte generation is a complex process involving pluripotent stem cell differentiation into mature adipocytes, orchestrated by

various regulation factors. Ultimately, these factors regulate gene networks and signaling pathways.7 Epigenetic regulators, including

non-coding RNAs (ncRNAs), especially circular RNAs (circRNAs), have gained prominence due to their enhanced stability and widespread

presence in various tissues and species.8,9 CircRNAs have been shown to modulate gene expression through miRNA interactions,10,11

protein binding,12,13 and protein translation,14,15 impacting various biological processes like cancer, obesity, and immunity. Li et al.

have utilized RNA sequencing to analyze pig muscle tissue with varying IMF content, leading to the identification of differential

circRNAs and demonstrated circPPARA regulates porcine intramuscular adipogenesis via miR-429.16 While numerous circRNAs associated

with IMF formation have been predicted and identified, their specific roles and mechanisms in adipose formation still require further

investigation.

MEF2C, aMADS-box transcription factor, plays an integral role in cell development through binding toMEF2 sites rich in A/T sequences to

activate or enhance gene expression.17–19 Previous research has identified MEF2C as a crucial transcription factor for various cell types,

including muscle cells, nerve cells, chondrocytes, immune cells, and endothelial cells. Our findings also indicate that MEF2C operates as a

downstream target gene of HMG20A and experiences co-regulation by HMG20A and LSD1, implicating its involvement in adipose genera-

tion.20 Nonetheless, the upstream regulatory mechanisms governing MEF2C remain unexplored. RNA sequencing was performed the

expression of circMEF2C(2, 3) decreased in obese-type pig breeds (Mashen) compared with lean-type pig breeds (Large White).21 Hence,

the specific regulatory role of circMEF2C(2, 3) in muscle needs to be further revealed.
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Figure 1. Identification and expression analysis of circMEF2C(2, 3)

(A) Diagram illustrating the generation of circMEF2C(2, 3) from the MEF2C gene.

(B) Detection of circMEF2C(2, 3) in cDNA and gDNA using divergent and convergent primers via PCR.

(C) Detection of circMEF2C(2, 3) and MEF2C expression after RNase R digestion (37�C, 50 min).

(D) Confirmation of the back-splice junction (BSJ) of circMEF2C(2, 3) through Sanger sequencing.

(E) Subcellular localization analysis of circMEF2C(2, 3).

(F) Tissue expression profile of circMEF2C(2, 3).

(G) Expression patterns of circMEF2C(2, 3) during adipogenesis.

(H) Expression of circMEF2C(2, 3) in adipose tissue of MS pigs and DLY pigs.

(I) Expression of circMEF2C(2, 3) in muscle tissue of MS pigs and DLY pigs.
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In our research, porcine intramuscular preadipocytes were isolated and cultivated to investigate the regulatory role of circMEF2C(2, 3) in

adipogenesis. We further analyzed its mechanism of action and found that it functions as a miR-383 and miR-671-3p sponge, operating

through the competitive endogenous RNA (ceRNA) mechanism, thereby attenuating MEF2C regulation. This study demonstrates that circ-

MEF2C(2, 3) inhibits adipogenesis, contributing unique insights into the function of circRNAs in lipid metabolism.

RESULTS

Identification and expression analysis of CircMEF2C(2, 3)

CircMEF2C(2, 3) is looped byMEF2C exons 2 and 3, measuring 400 nt in length. Verified by Sanger sequencing, the black arrow indicates the

splice site of circMEF2C(2, 3) in the head and tail (Figures 1A and 1D). Subsequent polymerase chain reaction (PCR) showed that

circMEF2C(2, 3) could be amplified using divergent primers in cDNA reverse-transcribed from random hexamers but not with gDNA primers

(Figure 1B). We employed Ribonuclease R (RNase R) to assess the stability of circMEF2C(2, 3). Following RNase R treatment, almost no linear

mRNA was detected, yet the expression level of circMEF2C(2, 3) remained around 60%, indicating its higher stability compared to linear

mRNA (Figure 1C). From cytoplasmic and nucleus separation experiments, it was discovered that circMEF2C(2, 3) is expressed in both the

cytoplasm and nucleus (Figure 1E). We further explored the relative expression of circMEF2C(2, 3) in various pig tissues using quantitative

real-time polymerase chain reaction (real-time qPCR, RT-qPCR), revealing its highest expression in dorsal subcutaneous fat, followed by

lung and abdominal fat (Figure 1F). Furthermore, during the induction of adipogenic differentiation in porcine intramuscular preadipocytes,
2 iScience 27, 109710, May 17, 2024



Figure 2. CircMEF2C(2, 3) enhances proliferation and suppresses adipogenic differentiation in porcine intramuscular preadipocytes

(A) Detection of circMEF2C(2, 3) overexpression efficiency in porcine intramuscular preadipocytes.

(B) Differences in EdU staining following circMEF2C(2, 3) overexpression.

(C) Alterations in mRNA expression of proliferation-related genes following circMEF2C(2, 3) overexpression.

(D) Evaluation of si-circMEF2C(2, 3) interference efficiency in porcine intramuscular preadipocytes.

(E) Differences in EdU staining following circMEF2C(2, 3) interference.

(F) Alterations in mRNA expression of proliferation-related genes following circMEF2C(2, 3) interference.

(G) Representative results of oil red O staining following circMEF2C(2, 3) overexpression.

(H) Alterations in mRNA expression of adipogenic factors following circMEF2C(2, 3) overexpression.

(I) Alterations in protein expression of adipogenic factors following circMEF2C(2, 3) overexpression.

(J) Representative results of oil red O staining following circMEF2C(2, 3) interference.

(K) Alterations in mRNA expression of adipogenic factors following circMEF2C(2, 3) interference.

(L) Alterations in protein expression of adipogenic factors following circMEF2C(2, 3) interference.
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circMEF2C(2, 3) displayed a trend of increasing expression, with peak levels observed at 5 days of adipogenesis (Figure 1G). Additionally,

circMEF2C(2, 3) was detected in different breeds of pigs and it was found that it is expressed more in the muscle of lean pigs (DLY)

(Figures 1H and 1I). These combined results strongly indicate circMEF2C(2, 3)’s involvement in adipogenic differentiation of IMF.

CircMEF2C(2, 3) enhances proliferation and suppresses adipogenic differentiation in porcine intramuscular preadipocytes

To explore the influence of circMEF2C(2, 3) on cell proliferation and adipogenic differentiation in porcine intramuscular preadipocytes, we

first constructed an overexpression vector for circMEF2C(2, 3) and assessed its overexpression efficiency (Figure 2A). Notably, EdU staining

revealed a substantial increase in the proportion of positive cells (Figure 2B), and RT-qPCR indicated a significant upregulation in the expres-

sion of proliferation-related genes, namely BCl2, CDK1, and PCNA, due to circMEF2C(2, 3) overexpression (Figure 2C). Conversely, the intro-

duction of siRNA into the cells yielded contrasting results (Figures 2D–2F). Subsequently, following the induction of adipogenic differentiation

in cells with overexpressed circMEF2C(2, 3), oil red O staining exhibited a significant reduction in lipid droplets within the overexpression
iScience 27, 109710, May 17, 2024 3
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group (Figure 2G). Moreover, the expression of adipogenic marker genes such as PPARg, C/EBPb, and FABP4 was significantly decreased

(Figure 2H), and the outcomes of Western blot findings indicated that PPARg and FABP4 expression levels were considerably decreased

compared with the control group (Figure 2I). Meanwhile, the interference of circMEF2C(2, 3) yielded results contrary to those observed in

the overexpression group (Figures 2J–2L). These findings collectively affirm that circMEF2C(2, 3) promotes cell proliferation while inhibiting

adipogenic differentiation in porcine intramuscular preadipocytes.

CircMEF2C(2, 3) regulates proliferation and adipogenesis in murine C3H10T1/2 cells

Since circMEF2C(2, 3) is conserved among different species, we conducted homology analysis, and the results showed a 94.2% homology

between porcine circMEF2C(2, 3) and murine circMEF2C(2, 3), and a 97.2% homology between porcine circMEF2C(2, 3) and human circ-

MEF2C(2, 3) (Figure 3A), Therefore, we examined the effect of circMEF2C(2, 3) on the proliferation and adipogenesis in Murine C3H10T1/

2 mesenchymal stem cells. We first examined the overexpression efficiency of circMEF2C(2, 3) (Figure 3B). EdU staining revealed a significant

increase in cell proliferation in C3H10T1/2 cells (Figure 3C), while RT-qPCR unveiled a significant upregulation of the expression of BCl2,

CDK1, and PCNA (Figure 3D). Oil redO staining indicated a significant reduction in lipid droplets within the overexpression group (Figure 3H).

Furthermore, the expression of PPARg, C/EBPb, and FABP4 showed significant decreases (Figures 3I and 3J). The interference of circ-

MEF2C(2, 3) yielded results contrasting with those of the overexpression group (Figures 3E–3G and 3K–3M). These collective findings confirm

that circMEF2C(2, 3) promotes cell proliferation and inhibits adipogenic differentiation in murine C3H10T1/2 cells.

CircMEF2C(2, 3) acts as a miR-383 and miR-671-3p sponge

To investigate the downstream mechanism of circMEF2C(2, 3), we utilized miRanda and RNAhybrid to search for the miRNAs with which it

may interact (Figure 4A). Subsequent studies demonstrated that overexpression of circMEF2C(2, 3) led to significantly reduced expression

of miR-383 and miR-671-3p, whereas interference with circMEF2C(2, 3) resulted in the opposite effect (Figures 4B and 4C). By employing

the RNAhybrid software to predict the binding sites of circMEF2C(2, 3) with miR-383 and miR-671-3p, we constructed plasmids containing

both wild-type and mutant-type circMEF2C(2, 3) sequences (Figures 4D and 4H). Dual luciferase reporter gene assays provided evidence

that, in comparison to other groups, the luciferase activity of the psiCHECK2-circMEF2C(2, 3)-WT + miR-383 mimics group and psi-

CHECK2-circMEF2C(2, 3)-WT +miR-671-3p mimics group significantly decreased (Figures 4E and 4I), indicating the binding of circMEF2C(2,

3) to miR-383 and miR-671-3p. Further expression pattern analysis revealed an initial increase and subsequent decrease in miR-383 and

miR-671-3p levels during the adipogenic differentiation induction of porcine intramuscular preadipocytes (Figures 4F and 4J). Furthermore,

miR-383 andmiR-671-3p were significantly lower in MS pigs compared to DLY pigs (Figures 4G and 4K), contrasting the expression pattern of

circMEF2C(2, 3) (Figures 1G and 1H).

miR-383 and miR-671-3p suppress proliferation and promote adipogenic differentiation

Subsequently, we investigated the function of miR-383 and miR-671-3p. EdU staining and RT-qPCR showed that overexpression of miR-383

and miR-671-3p promoted cell proliferation (Figures 5A and 5B). Furthermore, oil red O staining and RT-qPCR demonstrated that miR-383

and miR-671-3p inhibited adipogenic differentiation (Figures 5D and 5E). Transfecting miR-383 or miR-671-3p inhibitors effectively reversed

these effects (Figures 5A, 5C, 5D, and 5F).

CircMEF2C (2,3) affects cell proliferation and adipogenesis through miR-383 and miR-671-3p

To investigate the impact of circMEF2C(2, 3) and the interplay with miR-383/miR-671-3p on cell proliferation and adipogenic differentiation,

rescue experiments were designed. EdU staining and RT-qPCR demonstrated that the addition of the miR-383 inhibitor or miR-671-3p inhib-

itor effectively rescued the inhibitory effect of si-circMEF2C(2,3) on cell proliferation (Figures 6A and 6B). Oil red O staining and RT-qPCR

demonstrated that the miR-383 inhibitor or miR-671-3p inhibitor effectively counteracted the promotional impact of si-circMEF2C(2, 3) on

adipogenic differentiation (Figures 5C and 5D). Collectively, these findings imply that circMEF2C(2, 3) facilitates proliferation and inhibits adi-

pogenic differentiation by interacting with miR-383 and miR-671-3p.

miR-383 and miR-671-3p bind to the 30-UTR of MEF2C

In this study, RNA22, miRWalk, miRNAMAap, and miRDB databases were employed for predicting the downstream target genes of miR-383

and miR-671-3p. By intersection analysis and Venn diagram, we established the circMEF2C(2, 3) ceRNA regulatory network. This analysis re-

vealed that theMEF2C gene is a common target of both miR-383 and miR-671-3p, and notably, it is also the source gene of circMEF2C(2, 3)

(Figures 7A–7C and 1A). Our experiments demonstrated that the overexpression of miR-383 or miR-671-3p in cells resulted in a significant

reduction in MEF2C expression (Figure 7D). Conversely, the interference with miR-383 or miR-671-3p in cells led to a significant increase

in MEF2C expression (Figure 7E). Additionally, we observed that the overexpression of circMEF2C(2, 3) in cells significantly enhanced the

expression of MEF2C (Figure 7F). In contrast, interfering with circMEF2C(2, 3) in cells significantly reduced MEF2C expression (Figure 7G).

Using the RNAhybrid software, we predicted that the seed sequences of miR-383 and miR-671-3p could form secondary structures with

the 30UTR of MEF2C through base complementarity. To validate this, we constructed both wild-type and mutant-type plasmids of MEF2C

(Figures 7H and 7J). Subsequent dual-luciferase reporter gene analysis revealed the binding of MEF2C with miR-383 and miR-671-3p

(Figures 7I and 7K).
4 iScience 27, 109710, May 17, 2024



Figure 3. CircMEF2C(2, 3) regulates proliferation and adipogensis in murine C3H10T1/2 cells

(A) Assessment of the homology of porcine circMEF2C(2, 3) with murine and human circMEF2C(2, 3) by DNAMAN software.

(B) Detection of circMEF2C(2, 3) overexpression efficiency in murine C3H10T1/2 cells.

(C) Differences in EdU staining following circMEF2C(2, 3) overexpression.

(D) Alterations in mRNA expression of proliferation-related genes following circMEF2C(2, 3) overexpression.

(E) Evaluation of interference efficiency of si-circMEF2C(2, 3) in murine C3H10T1/2 cells.

(F) Differences in EdU staining following circMEF2C(2, 3) interference.

(G) Alterations in mRNA expression of proliferation-related genes following circMEF2C(2, 3) interference.

(H) Representative results of oil red O staining following circMEF2C(2, 3) overexpression.

(I) Alterations in mRNA expression of adipogenic factors following circMEF2C(2, 3) overexpression.

(J) Alterations in protein expression of adipogenic factors following circMEF2C(2, 3) overexpression.

(K) Representative results of oil red O staining following circMEF2C(2, 3) interference.

(L) Alterations in mRNA expression of adipogenic factors following circMEF2C(2, 3) interference.

(M) Alterations in protein expression of adipogenic factors following circMEF2C(2, 3) interference.
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Figure 4. CircMEF2C(2, 3) acts as a miR-383 and miR-671-3p sponge

(A) MiRANda and RNAhybrid databases predict the miRNAs that circMEF2C(2, 3) may bind.

(B and C) Alterations in miR-383 and miR-671-3p expression following circMEF2C(2, 3) overexpression or interference.

(D and H) Prediction of binding sites between circMEF2C(2, 3) and miR-383/miR-671-3p using RNAhybrid software, along with wild-type and mutant-type vector

sequences of circMEF2C(2, 3).

(E and I) Dual-luciferase reporter gene assay results.

(F and J) Expression patterns of miR-383 and miR-671-3p during adipogenesis.

(G and K) Expression of miR-383 and miR-671-3p in adipose tissue of MS pigs and DLY pigs.
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MEF2C enhances proliferation and restrain adipogenic differentiation

Finally, we examined MEF2C’s expression pattern and function. Tissue profiling revealed that MEF2C exhibited the highest expression

level among the three muscle types (Figure 8A). Furthermore, it was upregulated during late-stage adipogenic differentiation (Figure 8B)

and MEF2C was detected in different breeds of pigs and it was found that it is expressed more in the muscle of lean pigs (DLY) (Figures 8C

and 8D), resembling circMEF2C(2, 3) expression (Figures 1F–1I). To assess MEF2C’s impact on porcine intramuscular preadipocytes adi-

pogenic differentiation, we developed siRNA targetingMEF2C and assessed its efficacy in interference (Figure 8E). RT-qPCR demonstrates

that interference with MEF2C promotes the expression of genes related to cell proliferation and suppresses the expression of genes

related to adipogenesis (Figures 8F and 8H). Rescue experiments also indicate that the addition of si-MEF2C can restore the impact of

miR-383 inhibitor or miR-671-3p on cell proliferation and adipogenic differentiation (Figures 8G and 8I). Because MEF2C can be used

as a transcription factor and regulate downstream gene transcription, we used the Genomatix base to search that MEF2C might bind

to the promoters of adipogenic marker genes. RT-qPCR found that interfering with MEF2C may promote the expression of Rb1, Hivep2,

ZFP521 et al. (Figure 8J). These findings jointly suggest that MEF2C acts as an accelerator of proliferation and an inhibitor of adipogenic

differentiation.

DISCUSSION

Due to the widespread prevalence of obesity globally and the increasing health issues associated with it, concerns about abnormal or exces-

sive accumulation of fat have been raised. Understanding the formation of adipose tissue is of significant scientific importance for human

health and the field of medicine. The advent of high-throughput sequencing has generated a wealth of data indicating that ncRNAs play

pivotal roles in regulating genes, particularly in various metabolic disorders, including lipid metabolism.22,23 It has been reported that

many circRNAs exhibit high evolutionary conservation among closely related species, and even across distant species.24 Pigs, as an excellent

biomedical model for studying the fundamental mechanisms of adipogenesis, obesity, and obesity-related diseases, are suitable for inves-

tigating the biological functions mediated by circRNAs and the regulatory mechanisms of adipogenesis. In this study, we uncovered a
6 iScience 27, 109710, May 17, 2024



Figure 5. miR-383 and miR-671-3p suppress proliferation and enhance adipogenic differentiation

(A) Differences in EdU staining following miR-383 or miR-671-3p overexpression or interference.

(B) Alterations in mRNA expression of proliferation-related genes following miR-383 or miR-671-3p overexpression.

(C) Alterations in mRNA expression of proliferation-related genes following miR-383 or miR-671-3p interference.

(D) Representative results of oil red O staining following miR-383 or miR-671-3p overexpression or interference.

(E) Alterations in mRNA expression of adipogenic factors following miR-383 or miR-671-3p overexpression.

(F) Alterations in mRNA expression of adipogenic factors following miR-383 or miR-671-3p interference.
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regulatory axis involving circMEF2C(2, 3)/miR-383 and miR-671-3p/MEF2C, which governs the proliferation and adipogenic differentiation of

adipocytes.

The development of adipose tissue is under the control of a cascade of transcription factors, including PPARg,25,26 and C/EBPa.27

Furthermore, HMG20A, a member of the high-mobility group protein family, plays a crucial role in cell development, differentiation, and pro-

liferation.28 It is worth noting that HMG20A and LSD1 are core subunits of the CoREST complex, which features prominently in adipose devel-

opment andmetabolic processes. Preliminary findings from our research indicate thatMEF2C is a target gene downstream of HMG20A, and

its expression is subject to regulation by HMG20A and LSD1. This regulatory interplay may hold significant implications in the context of adi-

pogenic differentiation.20 Our study identified a homologous circRNA of MEF2C in porcine intramuscular preadipocytes through a series of

experimental procedures. This circRNA originates from exons 2 and 3 of the MEF2C gene, and in line with established nomenclature
iScience 27, 109710, May 17, 2024 7



Figure 6. CircMEF2C(2, 3) affects cell proliferation and adipogenesis through miR-383 and miR-671-3p

(A) Differences in EdU staining following cotransfection.

(B) Alterations in mRNA expression of proliferation-related genes following cotransfection.

(C) Representative results of oil red O staining following cotransfection.

(D) Alterations in mRNA expression of adipogenic factors following cotransfection.
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principles for circRNAs, we designated it as circMEF2C(2, 3).29 This finding adds to the understanding of circRNA expression in porcine intra-

muscular preadipocytes and contributes to the growing body of knowledge regarding circRNA biology.

CircRNAs represent a unique class of ncRNA molecule, known for their remarkable stability, abundant expression, robust conservation,

and ubiquitous presence in cells. Extensive research has illuminated the roles circRNAs play in the orchestration of physiological processes,

including the regulation of adipose development andmuscle formation. For instance, research has elucidated the function of CircH19, which

binds to the PTBP1 protein in human adipose-derived stem cells, thereby governing the nuclear-cytoplasmic translocation of the SREBP1 pro-

tein and inhibiting adipose generation.12 In a separate study, it was revealed that CircSETBP1 expedites the differentiation of intramuscular

preadipocytes and 3T3-L1 cells by modulating the miR-149-5p/CRTCs axis, consequently curtailing cell proliferation.30 Through gain or loss-

of-function experiments, we have confirmed that circMEF2C(2, 3) exerts a dual regulatory role in porcine intramuscular preadipocytes. Spe-

cifically, we observed that circMEF2C(2, 3) enhances cell proliferationwhile concurrently inhibiting the differentiation of these cells intomature

adipocytes. These findings underscore the intricate regulatory mechanisms involving circMEF2C(2, 3) in the context of adipogenesis, shed-

ding light on its potential as a key modulator of cellular processes in intramuscular preadipocytes.

Given the high conservation of circRNAs across species, they are likely to perform analogous biological functions in various organisms.

Studies have demonstrated that CircHIPK3, in mouse cells, mitigates cell apoptosis and counteracts mitochondrial dysfunction by serving

as a miR-148b-3p sponge.31 In human cells, on the other hand, CircHIPK3 promotes cell proliferation and migration while slowing down

cell apoptosis, all achieved by sequestering miR-382-5p,32 miR-30a-3p,33 and miR-124.34 Consistent with previous research findings, our re-

sults corroborate that circMEF2C(2, 3) exhibits a high degree of conservation in pigs and mice, and its identical biological function.

The general consensus in research suggests that when cells are stimulated with adipogenic induction medium, they undergo approxi-

mately two rounds of cell division in the first 2–3 days of adipogenic induction, known as the mitotic clonal expansion phase, followed by

growth arrest and terminal differentiation.35,36 However, the question of whether mitotic clonal expansion is a prerequisite for adipogenic
8 iScience 27, 109710, May 17, 2024



Figure 7. MiR-383 and miR-671-3p bind to the 3’-UTR of MEF2C

(A and B) The downstream target genes of miR-383 and miR-671-3p were predicted by RNA22, miRWalk, miRNAMap, and miRDB databases.

Venn diagram depicting common target genes of ssc-miR-383 and ssc-miR-671-3p.

(C) Network map illustrating the circMEF2C(2, 3)-miRNA-mRNA interactions.

(D–G) Alterations in MEF2C expression after miR-383, miR-671-3p, and circMEF2C(2, 3) overexpression or interference.

(H and J) Predicted binding sites of MEF2C with miR-383 and miR-671-3p using RNAhybrid software, and the wild-type and mutant-type vector sequences of

MEF2C.

(I and K) Dual-luciferase reporter gene assay results.
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differentiation has been a topic of debate. There is evidence in the literature that argues against the notion that mitotic clonal expansion is a

prerequisite for adipogenesis.37,38 On the contrary, research indicates a molecular coupling between proliferation arrest and adipogenic dif-

ferentiation. PPARg and C/EBPa have been shown to promote cell-cycle arrest by upregulating CDK inhibitors p18 and p21 and inhibiting

E2F-dependent transcription.39,40 Additionally, it has been shown that preadipocytes must cease growth in a unique state of the G1 phase

of the cell cycle before expressing the adipogenic differentiation phenotype.41 Since circMEF2C(2, 3) has a proliferation promoting role in

cells, we speculated that it may prevent cells from being unable to end the mitotic clonal expansion stage without growth arrest and terminal

differentiation, finally achieving the effect of inhibiting adipogenic differentiation.

In the cytoplasm, circRNAs often serve as ‘‘molecular sponges’’, competitively binding with miRNAs to modulate gene expression. For

example, recent research has demonstrated that exosomal hsa_circ_0006859 enhances the adipogenic and osteogenic differentiation of hu-

man bone marrow mesenchymal stem cells by sequestering miR-431-5p.42 In bovine primary adipocytes, circPPARg promotes adipogenesis

while simultaneously inhibiting cell proliferation and apoptosis.43 Furthermore, previous studies conducted have indicated that circHOMER1

may inhibit adipogenic differentiation in porcine preadipocytes and C3H10T1/2 cells, thereby suppressing adipogenesis in mice through its

interaction with SIRT1 via miR-23b.44,45 This current study provides further confirmation that circMEF2C(2, 3) actively participates in the regu-

lation of adipocyte proliferation and adipogenesis by functioning as a miR-383 and miR-671-3p sponge.

Several studies have highlighted the involvement of circRNAs in the regulation of parental gene expression. Notably, circEIF3J and circ-

PAIP2 engage with U1 snRNP to facilitate the transcription of their respective parental genes.46 On the other hand, circPABPN1 competes

with the mRNA of the parental gene for binding to the HuR protein, thereby inhibiting the translation of PABPN1.47 In our study, it was estab-

lished that MEF2C is a common target of miR-383 and miR-671-3p, and the circMEF2C(2, 3) modulates the expression of its parental gene,

MEF2C, through the ceRNA network. BecauseMEF2C can be used as a transcription factor and regulate downstream gene transcription,48,49
iScience 27, 109710, May 17, 2024 9
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Figure 8. MEF2C enhances proliferation and restrain adipogenic differentiation

(A) Tissue expression profile of MEF2C.

(B) Expression patterns of MEF2C during adipogenesis.

(C) Expression of MEF2C in adipose tissue of MS pigs and DLY pigs.

(D) Expression of MEF2C in muscle tissue of MS pigs and DLY pigs.

(E) Detection of interference efficiency of si-MEF2C.

(F and G) Alterations in mRNA expression of proliferation factors following MEF2C interference and cotransfection.

(H and I) Detection of changes in the mRNA expression of adipogenic factors following MEF2C interference and cotransfection after 8 days of adipogenic

differentiation.

(J) Expression of adipogenic-related genes after interference with MEF2C.
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we used the Genomatix base to search that MEF2C might bind to the promoters of adipogenic marker genes, affecting their transcription.

Then we knocked down theMEF2C, RT-qPCR found that interfering with MEF2Cmay promote the expression of Rb1, Hivep2, ZFP521 et al.

These results suggest thatMEF2Cmay act as a transcription factor regulating the transcription of key factors in adipogenesis, but the specific

regulatory mechanism still needs further exploration.

In summary, this study has uncovered a key circRNA, circMEF2C(2, 3), derived from theMEF2C gene in pigs. CircMEF2C(2,3) can enhance

cell proliferation and inhibit the adipogenic differentiation of porcine intramuscular preadipocytes and murine C3H10T1/2 cells. Mechanistic

investigations revealed that circMEF2C(2, 3) functions as a ceRNAby binding tomiR-383 andmiR-671-3p, thereby impacting the expression of

the target geneMEF2C. These discoveries establish a theoretical foundation for understanding the role andmechanism of circMEF2C(2, 3) in

regulating adipogenic differentiation in pigs, with potential implications for improving pork quality and managing related diseases.
Limitations of the study

While our research delved into the experimental verification of circMEF2C(2, 3) functioning as a ceRNA through miR-383 and miR-671-3p, it

should be acknowledged that circRNAs can exhibit diverse functions, and there might be additional regulatory mechanisms yet to be

explored. Future research should aim to uncover alternative mechanisms through which circMEF2C(2, 3) impacts cell proliferation and adipo-

cyte differentiation, including potential protein interactions or peptide encoding.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

MaShen (MS) pigs Animal experimental station of Shanxi

Agricultural University

N/A

Duroc 3 Landrace 3 Yorkshire (DLY) pigs Animal experimental station of Shanxi

Agricultural University

N/A

Chemicals, peptides, and recombinant proteins

Actinomycin D MedChemExpress Cat#HY-17559

TRIzol Reagent Thermo Fisher Scientific 1559606

DMEM Gibco 11965092

Fetal Bovine Serum Gibco 16140071

Dexamethasone Aladdin D137736

3-Isobutyl-1-methylxanthine (IBMX) Aladdin I106812

Insulin Aladdin I189675

Oil Red O Solarbio G1262

Lipofectamine 3000 Thermo Fisher Scientific L3000150

Collagen Type I Gibco 17100017

RIPA buffer Solarbio R0010

BCA kit Beyotime P0010S

PVDF membranes Millipore IPVHO0010

b-actin Rabbit mAb Abclonal RRID: AB_2863784

PPARg Rabbit pAb Abclonal RRID: AB_2758449

FABP4 Rabbit pAb Abclonal RRID: AB_2757045

Critical commercial assays

PrimeScript� RT reagent Kit with gDNA Eraser Takara RR047A

Taq Master Mix Vazyme P112

SmartChip� Real-Time PCR System Takara 640022

Ribonuclease R (RNase R) Geneseed R0301

EdU Cell Proliferation Kit Sangon Biotech E607204

Dual-Luciferase Assay kit Promega Cat#E1910

Experimental models: Cell lines

Porcine intramuscular preadipocytes Isolated from the pig muscle tissue N/A

Murine C3H10T1/2 cells Cell Bank of Type Culture Collection of the

Chinese Academy of Sciences

N/A

Oligonucleotides

circMEF2C(2, 3) F:

TCATCTTCAACAGCACCAA

R: ATTTCCTTCTTCAGCACTTG

This paper N/A

U6 F: CTCGCTTCGGCAGCACA

R:AACGCTTCACGAATTTGCGT

This paper N/A

18 s F:ATAAACGATGCCGACTGGCGAT

R:CAATCTGTCAATCCTGTCCGTGT

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GAPDH F: TCGGAGTGAACGGATTTGGC

R: TGACAAGCTTCCCGTTCTCC

This paper N/A

MEF2C F:CCCGATGCAGACGATTCAGT

R:GGAGGTGGAACAGCACACAA

This paper N/A

Mmu-b-actin F:CCAGGTCATCACCATCGG

R: CCGTGTTGGCGTAGAGGT

This paper N/A

Mmu-BCl2 F: CGGTCGCCATGGATCGG

R: ATCTGTTCTGGGGCACCATT

This paper N/A

Mmu-CDK1

F:AACCACTTTTCCACGGGGATTCA

R:GCTAGGCTTCCTGGTTTCCACTTG

This paper N/A

Mmu-PCNA

F:TGTAGCCGCGTCGTTGTGATTC

R: CGCTTCCAGCACCTTCTTCAGG

This paper N/A

Mmu-PPARg F:

TGGGTGAAACTCTGGGAGATTC

R: AGAGGTCCACAGAGCTGATTCC

This paper N/A

Mmu-FABP4 F:

GATGCCTTTGTGGGAACCTG

R: TCCTGTCGTCTGCGGTGATT

This paper N/A

Mmu-C/EBPa F:

GCTGAGCGACGAGTACAAGA

R: GCTTGAACAAGTTCCGCAGG

This paper N/A

Sus-PPARg F:AGAGTATGCCAAGAACATCC

R:AGGTCGCTGTCATCTAATTC

This paper N/A

Sus-FABP4 F:AAGTCAAGAGCACCATAACC

R:GATACATTCCACCACCAACT

This paper N/A

Sus-C/EBPa F:AGCCAAGAAGTCGGTAGA

R:CGGTCATTGTCACTGGTC

This paper N/A

Sus-C/EBPb

F:AAGAGTAAGACCAAGAAGACC

R:GCTCCAGGACCTTATGCT

This paper N/A

Sus-miR-383 F: CACAGCACTGCCTGGTCAG This paper N/A

Sus-miR-671-3p F:

CCGGTTCTCAGGGCTCCA

This paper N/A

Negative Control

F: UUCUCCGAACGUGUCACGUTT

R: ACGUGACACGUUCGGAGAATT

This paper N/A

si-circMEF2C(2, 3)

F: GGACGAGAGAGAGAAGAAATT

R: UUUCUUCUCUCUCUCGUCCTT

This paper N/A

miR-383 mimics

F: CCACAGCACUGCCUGGUCAGA

R: UGACCAGGCAGUGCUGUGGUU

This paper N/A

miR-671-3p mimics

F: UCCGGUUCUCAGGGCUCCACC

R: UGGAGCCCUGAGAACCGGAUU

This paper N/A

miR-383 inhibit

F: UCUGACCAGGCAGUGCUGUGGU

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

miR-671-3p inhibit

F: GGUGGAGCCCUGAGAACCGGAU

This paper N/A

si-MEF2C-1 F:

CCAGCACUGACAUGGAUAATT

R: UUAUCCAUGUCAGUGCUGGTT

This paper N/A

si-MEF2C-2 F:

GUGGAGACAUUGAGAAAGATT

R: UCUUUCUCAAUGUCUCCACTT

This paper N/A

si-MEF2C-3 F:

CACCUGGUAACCUGAACAATT

R: UUGUUCAGGUUACCAGGUGTT

This paper N/A

Software and algorithms

SPSS 22.0 IBM N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaohong Guo

(g_xiaohong@126.com).

Materials availability

The study did not generate new unique reagents.

Data and code availability

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sample collection

This study received ethical approval from the Animal Ethics Committee of Shanxi Agricultural University. We obtained tissues from three

30-day-old MaShen (MS, castrated boars) pigs as obese pigs and Duroc 3 Landrace 3 Yorkshire (DLY, castrated boars) as lean pigs by hu-

mane euthanasia through electric shock and exsanguination. The harvested tissues including the heart, liver, spleen, lungs, kidneys, jejunum,

abdominal subcutaneous fat, dorsal subcutaneous fat, longest dorsal and psoas muscle, were promptly flash-frozen in liquid nitrogen and

stored at �80�C for preservation.

Extraction and culture of porcine intramuscular preadipocytes

Porcine intramuscular preadipocytes were primarily isolated from muscle adipose tissue. In the process, newborn MS piglets (0 days old,

boars) were humanly euthanized through electric shock and exsanguination. Subsequently, the longest dorsal muscle tissue was collected

under stringent sterile conditions, and thoroughly washed. The tissue was enzymatically digested using 2 mg/mL collagen type I (Gibco)

for 2 h, and the digestion process was terminated by introducing a medium containing 10% fetal bovine serum (FBS, Gibco). After filtration

through 70 mm and 40mmmesh filters, the resulting cell suspension was seeded into 60 mm culture dishes and placed in a CO₂ incubator at

37�C with 5% CO₂ and 95% O₂ for further cultivation.

METHOD DETAILS

Bioinformatics analysis

Candidates circRNAs sequences were searched through the NCBI (https://www.ncbi.nlm.nih.gov/) and circAtlas 2.0 (http://circatlas.biols.ac.

cn/) websites, followed by sequence analysis and positional information alignment using the Ensembl (http://asia.ensembl.org/index.html)

Website.

miRanda and RNAhybrid software were utilized to predict circRNA binding miRNAs, miRWalk, miRNAMap, miRDB and RNA22 software

were used to predict miRNAs target genes, and their binding sites were predicted using the RNAhybrid web version (https://bibiserv.cebitec.

uni-bielefeld.de/rnahybrid/submission.html/).
16 iScience 27, 109710, May 17, 2024
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Total RNA extraction and cDNA synthesis

Total RNA was extracted from tissues or cells in accordance with the guidelines provided by the Trizol reagent kit (Thermo Fisher Scientific).

After determining the RNA concentration and purity, the extracted RNA was preserved at�80�C. Subsequently, cDNA was synthesized from

mRNA employing the PrimeScrip RT kit (Takara).

RNase R treatment

Total RNA underwent treatment with or without 20 U/ml RNase R (Geneseed) at 37�C for 30 min, after which the reaction was terminated by

incubating at 70�C for 10 min to inactivate the enzyme. Subsequently, cDNA was synthesized from this RNase R-treated fraction using the

PrimeScript RT Master kit (Takara).

Nucleoplasmic positioning

Total RNA was extracted from the cells using Trizol reagent kit (Thermo Fisher Scientific). To fractionate the nucleus and cytoplasm of cells,

Cytoplasmic andNuclear Extraction Reagents (Thermo Fisher Scientific) were employed. The cytoplasmic fraction was labeled using GAPDH,

while the nuclear fraction was labeled using U6.

PCR and RT-qPCR detection

The extracted RNA underwent reverse transcription to generate cDNA with random primers, using the PrimeScript RT Master kit (Ta-

kara). PCR, using both cDNA and gDNA, was conducted utilizing the Taq Master Mix (Vazyme). For RT-qPCR, the SmartChip Real-

Time PCR System (Takara), was employed. As a reference gene, 18S rRNA or b-actin was utilized, and each sample underwent trip-

licate testing. The quantification data were calculated using the 2�DDCt method. The primers used in this study were synthesized by

Sangon Biotech (Shanghai) Co., Ltd., (Shanghai, China), and their sequences are provided in the key resources table.

Plasmid and siRNA transfection

For overexpressing circMEF2C(2, 3) (OE-circMEF2C(2, 3)), the complete sequence of circMEF2C(2, 3) was amplified and subsequently ligated

into the overexpression vector pCD2.1-CIR. To perform interference with circMEF2C(2, 3) (OE-circMEF2C(2, 3)) orMEF2C (OE-MEF2C), syn-

thetic siRNA oligonucleotides targeting specific regions within the pig circMEF2C(2, 3) mRNA were designed and synthesized by

GenePharma. Additionally, mimics and inhibitors of miR-383 and miR-671-3p were synthesized by GenePharma. For transfection purposes,

Lipofectamine 3000 (Thermo Fisher Scientific) was used as the transfection reagent. Detailed sequence information can be found in the key

resources table.

EdU fluorescence staining

The EdU (5-ethynyl-20-deoxyuridine) fluorescence staining method was employed to label proliferating cells. This procedure adhered to the

guidelines outlined in the EdU DNA Cell Proliferation Kit (Sangon Biotech, China). Subsequently, fluorescence microscopy was utilized to

capture the fluorescence signals and acquire photographic images.

Oil red O staining

Cells underwent two consecutive washes with phosphate-buffered saline (PBS), before being fixed at room temperature for 30 min

using 4% paraformaldehyde. They were then immersed in 60% isopropanol for 1 min. After the isopropanol was removed, the cells

were treated with a filtered oil red O working solution, which consisted of saturated oil red O dye mixed with distilled water in a

3:2 ratio (Solarbio), for a staining duration of 10 min. After staining, the cells were rinsed with PBS, and images were captured using

a microscope.

Protein extraction and western blot analysis

Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitor mixture (Solarbio) and vortexed briefly. The superna-

tant was collected after centrifugation at 15,000 g for 15 min at 4�C. Protein concentrations of the cell lysates were determined using BCA kit

(Beyotime).Total proteins were isolated from adipose tissues and cells on day 8 of adipogenic differentiation. Then, the proteins were sepa-

rated by 10% SDS-PAGE and transferred to PVDF membranes (Millipore). The membranes were incubated overnight at 4�C with primary an-

tibodies specific for b-actin, PPARg, and FABP4 (1:1000; Abdonal). After incubation with the secondary antibody, the membranes were

exposed and photographed.

Dual-luciferase Reporter Assay

The procedures were conducted following the guidelines outlined in the Dual-luciferase Reporter Assay kit (Promega). The ratio of

renilla luciferase fluorescence to firefly luciferase fluorescence was calculated to assess the binding between miRNA and

circRNA/mRNA.
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All data are expressed as meanG standard deviation. Statistical analysis was performed using SPSS 22.0 software (IBM Corp., Armonk, NY,

USA). The t-test was employed to evaluate variations between two groups. One-way analysis of variance (ANOVA) was utilized to compare

distinctions among three or more groups. Significant differences were denoted by * at the 0.05 significance level and by ** at the 0.01 sig-

nificance level.
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