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The precise role of lncRNAs in skeletal muscle development and atrophy remain elusive. We conducted a bioinformatic analysis of 26 GEO datasets from mouse studies, encompassing embryonic development, postnatal growth, regeneration, cell proliferation, and differentiation, using R and relevant packages (limma et al.). LncRNA-miRNA relationships were predicted using miRcode and lncBaseV2, with miRNA-mRNA pairs identified via miRcode, miRDB, and Targetscan7. Based on the ceRNA theory, we constructed and visualized the lncRNA-miRNA-mRNA regulatory network using ggalluvial among other R packages. GO, Reactome, KEGG, and GSEA explored interactions in muscle development and regeneration. We identified five candidate lncRNAs (Xist, Gas5, Pvt1, Airn, and Meg3) as potential mediators in these processes and microgravity-induced muscle wasting. Additionally, we created a detailed lncRNA-miRNA-mRNA regulatory network, including interactions such as lncRNA Xist/miR-126/IRS1, lncRNA Xist/miR-486-5p/GAB2, lncRNA Pvt1/miR-148/RAB34, and lncRNA Gas5/miR-455-5p/SOCS3. Significant signaling pathway changes (PI3K/Akt, MAPK, NF-κB, cell cycle, AMPK, Hippo, and cAMP) were observed during muscle development, regeneration, and atrophy. Despite bioinformatics challenges, our research underscores the significant roles of lncRNAs in muscle protein synthesis, degradation, cell proliferation, differentiation, function, and metabolism under both normal and microgravity conditions. This study offers new insights into the molecular mechanisms governing skeletal muscle development and regeneration.
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1 INTRODUCTION
Skeletal muscle, constituting approximately 40% of body mass in mammals, is essential for posture and movement (Liu et al., 2019a; Chen et al., 2018a) and functions as an endocrine, thermogenic, and metabolic organ (Pant et al., 2016; Egan and Zierath, 2013; Pedersen and Febbraio, 2012; Lee et al., 1985). Muscle development (Zhu et al., 2021), including embryonic and postnatal growth as well as regeneration after injury (Pant et al., 2016; Egan and Zierath, 2013; Pedersen and Febbraio, 2012), plays a crucial for muscle formation and maintenance (Figure 1B), significantly impacting embryonic development. Despite its importance, the molecular mechanisms behind it remain unclear.
[image: Figure 1]FIGURE 1 | The progression of skeletal muscle development and Schematic workflow of screening lncRNAs and bioinformatics analyses in skeletal muscle. (A) Study flow diagram showing GEO datasets used for analyses in skeletal muscle development. (B) Hierarchy of progression of skeletal muscle development contained embryonic development, postnatal growth, cell proliferation, cell differentiation, muscle regeneration and so on. For each step, markers for the early and late differentiation are indicated. The genes indicated in magenta encode transcription factors or sarcomeric and associated proteins. (C) Schematic illustration of an integrative computational analysis to map, annotate and reconstruct, to screen, validate and gene enrichment analysis lncRNAs in skeletal muscle development, such as KEGG, GO, Reactome, GSEA enrichment analysis and so on.
Skeletal muscle development spans from mouse embryonic stages to maturity, involving myotome progenitor proliferation, differentiation, and stem cell formation during embryogenesis (Lander, 2011; Plikus et al., 2021; Hemberger et al., 2020; Gupta et al., 2021; Bentzinger et al., 2012; Chal and Pourquie, 2017; Dumont et al., 2015; Hnia et al., 2019) (Lander, 2011; Plikus et al., 2021; Hemberger et al., 2020; Gupta et al., 2021; Bentzinger et al., 2012; Chal and Pourquie, 2017; Dumont et al., 2015; Hnia et al., 2019). Postnatally, muscle cells enhance function through improved endurance, energy metabolism, and cytokine secretion (Bentzinger et al., 2012; Chal and Pourquie, 2017; Dumont et al., 2015; Hnia et al., 2019; Pillon et al., 2020; Zhang et al., 2018a). In contrast, skeletal muscle regeneration (Liu et al., 2017b; Goel et al., 2017) involves the activation, proliferation, and differentiation of quiescent satellite cells, in response to environmental stresses like microgravity. Recent studies show that skeletal muscle development and regeneration are regulated by cell cycle proteins, myogenic transcription factors, cytokines, and noncoding RNAs (Pedersen and Febbraio, 2012; Ciemerych and Sicinski, 2005; Braun and Gautel, 2011; Butchart et al., 2016; Ballarino et al., 2016).
Long noncoding RNAs (LncRNAs), over 200 nucleotides long and non-protein-coding, play roles in epigenetics, gene transcription, and protein expression by sponging miRNAs or interacting with mRNAs (Signal et al., 2016; Ponting et al., 2009; Wang et al., 2021; Yao et al., 2019; Chen, 2016; Kallen et al., 2013; Sui et al., 2019). Accumulating evidence indicates that (Butchart et al., 2016; Li et al., 2018; Goncalves and Armand, 2017; Zhao et al., 2019) lncRNAs influence skeletal muscle development and atrophy by acting as ceRNAs. Examples include LINC00961 (Matsumoto et al., 2017), LncMyoD (Gong et al., 2015), lncRNA Neat1 (Wang et al., 2019a), lncRNA YY1 (Zhou et al., 2015) and lncRNA Malat1 (Han et al., 2015; Chen et al., 2017),. Additionally, lncRNAs like lncRNA MAR1 (Zhang et al., 2018b), Linc-RAM (Yu et al., 2017), lincRNA-MD1 (Legnini et al., 2014), H19 (Kallen et al., 2013), LncRNA-mg (Zhu et al., 2017), and lincRNA Yam-1 (Lu et al., 2013) regulate both muscle proliferation and differentiation. And lncRNAs regulate muscle atrophy by influencing mitochondrial function, cell autophagy, apoptosis, and myofiber size, with examples including lncMUMA (Zhang et al., 2018c), LncIRS1 (Li et al., 2019), lncRNA SMN-AS1 (d'Ydewalle et al., 2017), lncRNA Pvt1 (Alessio et al., 2019). Dysregulated lncRNA expression is linked to skeletal muscle development and related diseases, such as DMD and muscle wasting. Therefore, studying lncRNA functions in muscle development is crucial.
Technological advancements have facilitated the use of GEO Datasets to study lncRNA in skeletal muscle development and environmental responses. Despite over 26 published GEO datasets on mouse muscle development (Figure 1B), comprehensive analysis remains limited. Our global R-analysis of these datasets identified key roles for lncRNAs Xist, Gas5, Pvt1, Airn, and Meg3 in muscle development and microgravity-induced damage (Figure 1). For understanding the mechanisms and signaling pathways involved in skeletal muscle development could shed light on muscle-related diseases and advance personalized treatments.
2 METHODS AND MATERIALS
2.1 Collection and processing of publicly available GEO datasets
Publicly available GEO microarray datasets (Table 1) were downloaded from NCBI and re-annotated using R and Perl software. These datasets encompassed topics such as embryonic development, postnatal growth, muscle regeneration, cell proliferation, and cell differentiation. Gene symbols for lncRNA and protein-coding mRNA were annotated and extracted using R and Perl from platforms and GRCm39 (https://www.gencodegenes.org/mouse/). Final statistical analyses involved 26 studies from various microarray data (Table 1). We intersected these 26 GEO databases to identify key lncRNAs. Datasets for different phases (e.g., embryonic development, postnatal growth, muscle regeneration) were integrated by time-points (Table 1). The “limma” R package (Ritchie et al., 2015) was used for differential gene expression analysis in R. Results were visualized using heatmaps, volcano plots, bar graphs, and Venn diagrams with “pheatmap” (Metsalu and Vilo, 2015) and “ggplot2” (Ito and Murphy, 2013) R packages. More details are provided in Table 1, and the workflow is shown in Figure 1A.
TABLE 1 | Datasets used in this study.
[image: Table 1]2.2 Prediction of targeting relationship and construction of the lncRNA-miRNA-mRNA ceRNA regulatory network
To investigate post-transcriptional regulation in skeletal muscle development, we constructed a lncRNA-miRNA-mRNA ceRNA network. The workflow included predicting lncRNA-miRNA interactions using the miRcode (Jeggari et al., 2012), lncBaseV2 (Karagkouni et al., 2020), and Enco/PV4 (Teng et al., 2020; Li et al., 2014) (Integration database with ENCORI and NPInterv4) databases, followed by intersecting these predictions. Predicted miRNAs were filtered based on expression datasets from hindlimb suspension simulated microgravity. Subsequently, miRNA-mRNA interactions were identified through intersecting results from miRcode (Jeggari et al., 2012), DIANA (Karagkouni et al., 2018), miRDB (Chen and Wang, 2020), and TarBase7 (Agarwal et al., 2015) databases. Finally, a ceRNA regulatory network comprising 5 lncRNAs, 36 miRNAs, and 108 mRNAs was built using R software, with visualization facilitated by the “ggalluvial” R package (Rosvall and Bergstrom, 2010; Liu et al., 2017a). This comprehensive approach allowed us to elucidate the intricate regulatory relationships within the network.
2.3 Enrichment analysis
To investigate the functional ceRNA regulatory network of lncRNA-miRNA-mRNA, we performed an enrichment analysis on predicted mRNAs. This involves identifying mRNAs by intersecting predicted mRNAs with various stages of skeletal muscle development, including comparisons between embryonic and postnatal phases, quiescent and activated satellite cells, and different differentiation stages. Secondly, we applied GO (Lei et al., 2019; Sun et al., 2019) (Gene Ontology) analysis to the primary screened mRNAs for enrichment of biological processes, cellular components, and molecular functions. The Reactome (Jassal et al., 2020) knowledge base was used to further validate their molecular functions. KEGG (Lei et al., 2019; Sun et al., 2019) analysis identified potential mRNA pathways, while GSEA (Cheng et al., 2021) assessed gene distribution trends to determine their phenotypic contributions. GO and KEGG enrichment were conducted with the “clusterProfiler” R package (Wu et al., 2021), while Reactome and GSEA analyses were conducted using the “ReactomePA” (Yu and He, 2016) and “GSEA” (Reimand et al., 2019) R packages, respectively. Visualization of the GO, KEGG, Reactome, and GSEA analysis results was achieved using the “ggplot2″ R package.
2.4 Statistical analyses
Data is presented as mean ± SEM. All statistical analyses were conducted with R software, version 4.0.5 (R Foundation for Statistical Computing, Vienna, Austria). The R software ggpubr, reshape2, rstatix package et al. was used to perform statistical analyses. Analysis results were plotted using the R packages ggplot2. Student’s t-test was utilized to compare the differences between the two groups. Comparisons were considered statistically significant at p ≤ 0.05.
2.5 Data availability
Further information on research design is available in the GEO datasets linked to this article (Table 1). All data were freely accessible online.
3 RESULTS
3.1 Screening of candidate lncRNAs from public GEO datasets
To identify lncRNAs involved in skeletal muscle development, we re-annotated and analyzed 26 publicly available GEO datasets using R and Perl software (Figures 1A, C; Table 1). These datasets, sourced from NCBI, encompass embryonic and postnatal stages (3 datasets), muscle regeneration (5 datasets), proliferation (5 datasets), differentiation (14 datasets), muscle tissue or C2C12 expression (3 datasets), and muscle wasting expression (1 datasets). Our study workflow is depicted in Figure 1C, with detailed information provided in Table 1. Through the analysis of these GEO databases (Table 2), We identified the lncRNAs—Xist, Gas, Pvt1, Airn, and Meg3 (Figure 1C; Table 1) — as having regulatory potential in skeletal muscle development (Figure 1B). These specific lncRNAs were selected based on their differential expression patterns observed across various stages and conditions of muscle development and function.
TABLE 2 | Screening of five candidate lncRNAs from 26 public datasets.
[image: Table 2]Muscle atrophy in humans and mammals exposed to microgravity leads to muscle function loss or pathological changes (Vico and Hargens, 2018; Garrett-Bakelman et al., 2019). To compare lncRNA expression between normal and atrophied muscle, we re-annotated and analyzed GEO datasets from three studies on normal skeletal muscle (GSE112768, GSE877, GSE10246) and one on microgravity-induced muscle (GSE165565) using R and Perl software (Figure 1C). By setting the logFC threshold to greater than 0.1, we identified 683, 838, 1,345, and 1975 lncRNAs retained in GSE112768, GSE877, GSE10246, and GSE165565, respectively (Figure 2A). We then re-screened and validated lncRNAs Xist, Gas5, Pvt1, Airn, and Meg3 across all four datasets (Figure 2A). In muscle tissue (SOL or EDL), lncRNA Xist and Meg3 showed significant downregulation, while lncRNAs Gas5, Pvt1, and Airn were upregulated (Figures 2B, C). In C2C12 cells versus muscle tissue (SOL or EDL), lncRNAs Xist, Gas5, Pvt1, and Airn were significantly downregulated, with Xist decreasing over 5-fold, while Meg3 was upregulated about 5-fold (Figures 2D, E). In GSE10246, Xist, Gas5, and Pvt1 were downregulated, while Meg3 and Airn were upregulated (Figure 2F). In GSE165565, Xist expression increased 1.7 times in microgravity compared to static conditions, while Meg3, Gas5, Pvt1, and Airn showed no significant change (Figure 2G). These results indicate that the lncRNAs Xist, Gas5, Pvt1, Airn, and Meg3 exhibit differential expression and diverse functions across various contexts, potentially regulating skeletal muscle development. Notably, Xist stands out for its significant changes across different conditions, suggesting a crucial role in skeletal muscle regulation.
[image: Figure 2]FIGURE 2 | The 5 candidate lncRNAs (lncRNA Xist, lncRNA Gas5, lncRNA Pvt1, lncRNA Airn and lncRNA Meg3) were aberrantly expressed in GSE112768, GSE41877, GSE10246, and GSE165565 datasets. (A) Schematic workflow for statistical analysis process. A volcano plot was used to show the differentially expressed lncRNAs. The negative Log2-adjusted p-values (y-axis) are plotted against the Log2 fold changes in expression (x-axis). The horizontal dashed line indicates the threshold for significance (p ≤ 0.05) and the vertical dashed line indicates the upregulated (right side) and downregulated (left side) lncRNAs. (B) Volcano plot showing the differentially expressed lncRNAs between soleus myofibers nucleus versus cytoplasm in GSE112768. (C) Volcano plot showing the differentially expressed lncRNAs between EDL myofibers nucleus versus cytoplasm in GSE112768. (D) Volcano plot presenting the differentially expressed lncRNAs between C2C12 versus soleus in GSE41877. (E) Volcano plot presenting the differentially expressed lncRNAs between C2C12 versus EDL in GSE41877. (F) Volcano plot illustrating the differentially expressed lncRNAs between C2C12 versus muscle in GSE10246. (G) Volcano plot displaying the differentially expressed lncRNAs between static vs. simulated microgravity in GSE165565. EDL: extensor digitorum longus, SOL: Soleus.
3.2 The role of lncRNAs in skeletal muscle development: A focus on Xist and its regulatory significance
Understanding skeletal muscle development (Zhu et al., 2021), which includes embryonic formation, postnatal growth, and injury recovery, is essential for maintaining physiological functions (Hemberger et al., 2020; Gupta et al., 2021; Chal and Pourquie, 2017; Hnia et al., 2019). This process is driven by myogenesis, involving muscle cell proliferation, differentiation, and fusion (Bentzinger et al., 2012; Dumont et al., 2015; Liu et al., 2017a; Goel et al., 2017). LncRNAs (Gupta et al., 2021; Ciemerych and Sicinski, 2005; Spittau et al., 2020; Chini and Hanganu-Opatz, 2021) significantly influence skeletal muscle development during embryonic and postnatal growth in mice, contributing to muscle maturation (Figure 1B). By analyzing 23 GEO datasets (Figures 1A, C), we explore the molecular roles of specific lncRNAs—Xist, Gas5, Pvt1, Airn, and Meg3—at different developmental stage (Figure 1; Table1).
To examine the roles and expression of these lncRNAs (Figure 3A), we re-annotated and analyzed GEO datasets GSE52192, GSE73575, and GSE65927 using R and Perl software (Figure 1C; Figure 3A). Our results showed that the expression of these lncRNAs’ increased from embryonic day 12.5 to postnatal day 0, decreased until postnatal day 28, and then rose again by postnatal day 65, following a similar pattern for all five lncRNAs (Figure 3B). During embryonic development and postnatal growth, lncRNAs are regulated to ensure proper cell proliferation, differentiation, and apoptosis. For instance, levels of cyclins (Cdk1, Cdk2, Cdk4, Ki67, Pcna, Mcm2, Mcm6) decreased and inhibitors (p21, p27, p33, p53) increased over time (Figure 3C), highlighting their roles in growth. Specific myogenic markers, including Six1/4, Pax3/7, Myf5, Myod, Myog, Myf6, and Myh1/2/3/4/7/8, define each stage of skeletal muscle development. Analysis revealed that Pax3, Myod, Myog, Myf6, and Myh1/2/4/7 levels rise during development, while Myf5, Myh3/8, Pax7, and Six1/4 levels decline (Figure 3H), indicating muscle cell proliferation and differentiation during embryonic and postnatal growth. Volcano plot results further highlighted significant changes in lncRNA Xist expression: it significantly decreased from embryonic day 12.5 to postnatal day 0 (logFC = −6.22, P≤ 0.001, Figure 3D), increased from postnatal day 0 to day 12 (logFC = 5.08, P≤ 0.001, Figure 3E), remained stable from day 12 to day 28 (logFC = −0.01, P≤ 0.98, Figure 3F), and significantly decreased again from day 28 to day 65 (logFC = −6.12, P≤ 0.001, Figure 3G). In contrast, lncRNAs (Pvt1, Gas5, Airn, and Meg3) showed no significant changes (|logFC|≥3, Pvalue≤0.5) during both embryonic development and postnatal growth (Figures 3D–G). These findings suggest that while lncRNAs Pvt1, Gas5, Airn, and Meg3 may play a role in regulating embryonic development and postnatal growth, lncRNA Xist is particularly significant in this regulatory process.
[image: Figure 3]FIGURE 3 | Functional analysis of differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in stages of embryonic development and postnatal growth. (A) Flower plot diagram presents the overlap of common lncRNAs in GSE52192, GSE73575 and GSE65927 datasets. (B) The expression of lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3 during Embryonic 12.5 days, Postnatal 0day, Postnatal 12day, Postnatal 28 days, Postnatal 65 days. (C) The expression of cell cycle related protein and inhibitor at Embryonic 12.5 days, Postnatal 0 day, Postnatal 12 days, Postnatal 28 days (D) Volcano plot showing the differentially expressed lncRNAs between Embryonic 12.5 days versus Postnatal 0 day. (E) Volcano plot presenting the differentially expressed lncRNAs between Postnatal 0day versus Postnatal 12days (F) Volcano plot illustrating the differentially expressed lncRNAs between Postnatal 12 days versus Postnatal 28 days. (G) Volcano plot displaying the differentially expressed lncRNAs between Postnatal 28 days versus Postnatal 65 days (H) The expression of key myogenic regulators during Embryonic 12.5 days, Postnatal 0 days, Postnatal 12 days, Postnatal 28 days. A volcano plot was used to show the differentially expressed lncRNAs. The negative Log2-adjusted P-values (y-axis) are plotted against the Log2 fold changes in expression (x-axis). The horizontal dashed line indicates the threshold for significance (P ≤ 0.05) and the vertical dashed line indicates the upregulated (right side) and downregulated (left side) lncRNAs. The data are presented as the means ± S.D. of the samples from all different samples. The p-values were calculated using Student’s t-test. NS, non-significant; *p < 0.05; **p < 0.01; ***p < 0.0001. (E) Embryonic; P: Postnatal.
Long non-coding RNAs (lncRNAs) play a pivotal role in muscle injury and are instrumental in skeletal muscle regeneration, a process heavily reliant on satellite cells located beneath the myofiber’s basement membrane (Peault et al., 2007; Tumpel and Rudolph, 2019; Cho et al., 2019). These quiescent progenitors are essential for muscle maintenance, growth, repair, and regeneration. Upon activation, satellite cells (Peault et al., 2007; Tumpel and Rudolph, 2019; Cho et al., 2019; Sirabella et al., 2013) proliferate, differentiate into myoblasts, and fuse to form myotubes. Muscle recovery typically takes 30–90 days, with fundamental repair occurring within 14–30 days. Cell proliferation peaks at 3–4 days, while cell differentiation peaks at 7–10 days (Dumont et al., 2015; Ogawa et al., 2015; Aguilar et al., 2016; Lukjanenko et al., 2013). This timeline remains consistent regardless of the nature or cause of the damage, including that induced by microgravity (Burzyn et al., 2013).
We study the roles and expression patterns of lncRNAs Xist, Pvt1, Gas5, Airn, and Meg3 in skeletal muscle regeneration, we re-annotated and integrated data from GEO datasets GSE3483, GSE38870, GSE56903, GSE70376, and GSE103684 using R and Perl (Figures 1C; Figures 4A). Our analysis showed regular changes in lncRNA expression during muscle repair (Figure 4C). Specifically, lncRNA expression decreased from QSC 0 day to ASC 12 h, then increased from ASC 12 h to ASC 3 days, followed by a gradual decline until ASC 8 days, returning to baseline levels (Figures 4C, D). Notably, lncRNA Meg3 surged (logFC≥3) at ASC 8 days, while lncRNA Xist dropped significantly (logFC ≤ −3) at the same time. Other lncRNAs followed a similar trend (Figures 4C, D).
[image: Figure 4]FIGURE 4 | Functional analysis of differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in phase of skeletal muscle regeneration. (A) Flower plot diagram shows the overlap of lncRNAs in GSE3483, GSE38870, GSE56903, GSE70376 and GSE103684 datasets. (B) The expression of cell cycle related protein and inhibitor at skeletal muscle regeneration. (C) The expression of lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3 during E skeletal muscle regeneration. (D) Bar graphs presenting the differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in skeletal muscle development. Bar graphs was used to show the differentially expressed lncRNAs. The y-axis is Log2 fold changes in expression and x-axis is lncRNAs. (E) The expression of key myogenic regulators during skeletal muscle regeneration. The data are presented as the means ± S.D. of the samples from all different samples. The p-values were calculated using Student’s t-test. NS, non-significant; *p < 0.05; **p < 0.01; ***p < 0.0001. QSC, Quiescent satellite cells; ASC, Activated satellite cells.
Cyclins, cell cycle inhibitors, and myogenic markers are crucial for muscle regeneration. Cyclin levels (Cdk1, Cdk2, Cdk4, Ki67, Pcna, Mcm2, and Mcm6)increased significantly from 12 h to 3 days after satellite cell activation (ASC), then gradually declined until 8 days (Figure 4B). Similarly, cell cycle checkpoint proteins p21 and p33 rose sharply from 12 h to 3 days before decreasing by 8 days (Figure 4B). In contrast, p27 and p53 showed a steady increase from 12 h to 8 days, except at the 3-day mark (Figure 4B). Myogenic markers indicated that Pax3, Six4, and Myh2/4/7/8 levels declined during regeneration (Figure 4E), while Pax7, Six1, and Myog increased. Myod and Myh3 levels rose significantly from 12 h to 3 days post-ASC, then decreased from 3 to 8 days (Figure 4E). Myf5/6 and Myh1 expression was absent during regeneration (Figure 4E). These findings suggest that lncRNAs, including Xist, Pvt1, Gas5, Airn, and Meg3, regulate skeletal muscle regeneration. Notably, lncRNA Xist plays a particularly significant role.
LncRNAs such as Xist, Pvt1, Gas5, Airn, and Meg3 (Figure 5A) play a crucial role in regulating cell proliferation during skeletal muscle development and regeneration (Zhao et al., 2019; Luo et al., 2021). This process is essential for muscle growth and repair and precedes cell differentiation. To investigate their roles, we re-annotated and integrated analysis of GEO datasets (GSE989/990, GSE110742, GSE108040, and GSE16992) using R and Perl software (Figures 1C; Figures 5A).
[image: Figure 5]FIGURE 5 | Functional analysis of differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in phase of cell proliferation. (A) Flower plot diagram displays the overlap of lncRNAs in GSE989/990, GSE110742, GSE108040 and GSE16992 datasets. (B) Bar graphs presenting the differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in cell proliferation. Bar graphs was used to illustrate the differentially expressed lncRNAs. The y-axis is Log2 fold changes in expression and x-axis is lncRNAs. (C) The expression of lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3 during cell proliferation. (D) The expression of key myogenic regulators during cell proliferation. (E) The expression of cell cycle related protein and inhibitor during cell proliferation. The data are presented as the means ± S.D. of the samples from all different samples. The p-values were calculated using Student’s t-test. NS, non-significant; *p < 0.05; **p < 0.01; ***p < 0.0001. Pro, proliferation; GSE989/990, GSE989 and GSE990.
Our analysis revealed that lncRNAs like Airn and Pvt1 were significantly upregulated from day 0 to day 2 of proliferation, then downregulated from day 2 to day 3 (Figures 5B, C). Conversely, lncRNAs such as Gas5, Meg3, and Xist showed a decrease from day 0 to day 1, followed by a progressive increase from day 1 to day 2, and were upregulated again from day 2 to day 3 (Figures 5B, C). These fluctuations align with the regulation of cell cycle progression by various proteins, including cyclins, CDKs, and inhibitors like CDK1, CDK2, CDK4, Mcm2, Mcm6, P21, P27, P57, Ki67, and PCNA (Ponnusamy et al., 2017; Mahdessian et al., 2021; Huang et al., 2017). Specifically, Cdk2 and p27 levels increased during the proliferation cycle, while Mcm6 expression notably decreased from day 0 to day 3 of proliferation (Figure 5E). Additionally, Cdk1, Ki67, and Pcna expression peaked at proliferation day 1 and decrease by day 3, while Cdk4, Mcm2, p21, p33, and p53 increased from day 0 to day 2 and then decline by day 3 (Figure 5E). These patterns suggest that muscle cells begin differentiating around day 3. During skeletal muscle cell proliferation, markers such as Six1/4, Pax3, Myf5, Myf6, Myod, and Myog are expressed (Figure 5D). Our analysis showed that Myod, Myog, and Six4 levels increased from day 0 to day 2, and decreased from day 2 to day 3. Six1 peaked at day 1 and declined thereafter. Pax3 and Myf5/6 decreased from day 0 to day 2 and increased from day 2 to day 3 (Figure 5D). This confirmed the transition from proliferation to differentiation. Overall, our findings indicate that lncRNAs, including Xist, Pvt1, Gas5, Airn, and Meg3, may play critical roles in promoting cell proliferation during muscle development or regeneration.
Long non-coding RNAs (lncRNAs) such as Xist, Pvt1, Gas5, Airn, and Meg3 play crucial roles in regulating cell differentiation, which is essential for skeletal muscle development and regeneration (Bentzinger et al., 2012; Hnia et al., 2019; Tomczak et al., 2004; Rajan et al., 2012). To investigate the function and expression of lncRNAs during this process, we re-annotated and analyzed GEO datasets (e.g., GSE989/990, GSE102098, GSE101499) using R and Perl (Figure 1C; Figure 6A). The analysis revealed varying changes in lncRNAs expression throughout cell differentiation (Figures 6C, D).
[image: Figure 6]FIGURE 6 | Functional analysis of differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in phase of cell differentiation. (A) Flower plot diagram illustrates the intersection of the 13 datasets analyzed (GSE989/990, GSE102098, GSE101499 and so on). (B) The expression of cell cycle related protein and inhibitor during cell differentiation. (C) The expression of lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3 during cell differentiation. (D) Bar graphs showing the differentially expressed lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) in cell differentiation. Bar graphs was used to illustrate the differentially expressed lncRNAs. The y-axis is Log2 fold changes in expression and x-axis is lncRNAs. (E) The expression of key myogenic regulators during cell differentiation. The data are presented as the means ± S.D. of the samples from all different samples. The p-values were calculated using Student’s t-test. NS, non-significant; *p < 0.05; **p < 0.01; ***p < 0.0001. Diff, Differentiation; GSE989/990, GSE989 and GSE990.
From day 0 to day 3 of differentiation, lncRNA Airn and Meg3 expressions decreased, while lncRNA Xist increased; lncRNA Pvt1 and Gas5 showed minimal changes (Figures 6C, D). From day 4 to day 10, lncRNA Xist, Pvt1, Airn, and Meg3 continued to rise, although the increase in Gas5 was less pronounced (Figures 6C, D). Cell differentiation (Ponnusamy et al., 2017; Mahdessian et al., 2021; Huang et al., 2017) is closely linked to cell-cycle exit and is regulated by factors such as cyclins, CDKs, and proliferation markers (CDK1, CDK2, CDK4, Mcm2, Mcm6, P21, P27, P57, Ki67, and Pcna). Our analysis showed that the expression of Cdk1, Ki67, Mcm2, Mcm6, Cdk2, Cdk4, p27, p33, and p53 remained stable during differentiation, while p21 exhibited a consistent upward trend (Figure 6B). Cyclin and differentiation marker analysis confirmed muscle cell differentiation with increased Myf6, Myog, and Myh1/3/4/7/8 levels, and decreased levels of Myf5 and Six4. Myod, Pax3, and Myh2 showed fewer clear trends (Figure 6E). These results indicate that lncRNAs Xist, Pvt1, Gas5, Airn, and Meg3 play roles in muscle cell differentiation, supporting our hypothesis on skeletal muscle development or regeneration.
3.3 LncRNA–miRNA–mRNA ceRNA network construction and visualization
Our research suggests that lncRNAs Xist, Pvt1, Gas5, Airn, and Meg3 may influence various stages of skeletal muscle development, including cell proliferation and differentiation. To explore their roles, we constructed a ceRNA network based on predicted lncRNA-miRNA and miRNA-mRNA interactions from relevant datasets (Figure 7A). We identified 108 miRNAs by intersecting data from miRcode, lncBaseV2, and Enco/PV4 (Figure 7A; Supplementary Table S1). These miRNAs were validated using expression datasets from hindlimb suspension (HS) simulating microgravity. The results showed that miRNA levels, including miR-212-3p, miR-485-3p, miR-342-3p, miR-539-3p, miR-486-5p, and miR-24-3p, decreased gradually from HS 0 to HS 14 days and then quickly returned to baseline during recovery exercise (RE) from RE 1 to RE 7 days. Conversely, miRNAs such as miR-203-3p, miR-539-5p, miR-129-5p, miR-361-5p, and miR-489-5p exhibited opposite trends during HS and RE (Figure 7B; Supplementary Figure S1). These findings suggest that the predicted miRNAs have regulatory potential in skeletal muscle development.
[image: Figure 7]FIGURE 7 | Flowchart indicating the downstream analysis of the lncRNAs (lncRNA Xist, lncRNA Pvt1, lncRNA Gas5, lncRNA Airn and lncRNA Meg3) and Verification of miRNA differential expression. (A) Flow chart of the ceRNA network construction. Three independent lncRNA target databases (miRcode, lncBaseV2 and Enco/PV4) were used to predict the potential miRNAs, and screening for miRNAs highly related to microgravity-induced muscle atrophy or regeneration. Subsequently, four independent miRNAs target databases (miRcode, DIANA, miRDB and Target7) were used to predict the potential mRNAs, and using to constructing lncRNA–miRNA–mRNA ceRNA regulatory network. (B) The heat map showing the differentially expressed miRNA during HS 0day, HS 3 dayS, HS 7 dayS HS 14 dayS, RE 1day and RE 14days (C) Alluvial diagram demonstrates the relationships of lncRNA-miRNA-mRNA ceRNA regulatory network. The interaction network was constructed with there were 5 lncRNAs, 36 miRNAs, and approximately 100 mRNAs. Enco/PV4, ENCORI and NPInterv4; Target7, Targetscan7; GSE989/990, GSE989 and GSE990; HS, hindlimb suspension; RE, Recovery exercise.
By analyzing four datasets (miRcode, DIANA, miRDB, and Target7), we identified almost 12,000 mRNAs (Figure 7A; Supplementary Table S1). We constructed a ceRNA regulatory network with 5 lncRNAs, 36 miRNAs, and 108 mRNAs (Figure 7C), highlighting additional targeting relationships in Supplementary Table S1. Notably, lncRNA Xist (Figure 7C) negatively regulates most miRNAs to boost downstream mRNA expression, influencing skeletal muscle development (e.g., lncRNA Xist/miR-485-5p/Msn and lncRNA Xist/miR-342-3p/Hoxb8). Similar interactions were observed for lncRNAs Airn, Gas5, Meg3, and Pvt1, with specific interactions such as lncRNA Pvt1/miR-455-5p/Fbxo30 and lncRNA Meg3/miR-330-5p/Fads1 (Figure 7C). To investigate how the ceRNA network regulates downstream biological functions and signaling pathways, we conducted GO, Reactome, KEGG, and GSAEA enrichment analyses on the intersection of 12,000 predicted mRNAs and those from each phase of skeletal muscle development using R software (Figure 1C; Figure 7A). Gene network analysis proved to be a valuable tool for studying lncRNA functional changes and understanding selective activation of signaling pathways in skeletal muscle development and regeneration.
3.4 Gene functional enrichment analysis during skeletal muscle development and regeneration
To investigate the interaction and the roles of lncRNAs, we conducted a GO enrichment analysis was conducted on a 5-lncRNA signature (Xist, Pvt1, Gas5, Airn, and Meg3) during skeletal muscle development (Figure 8A). This analysis revealed that these lncRNAs are significantly involved in various biological processes (BP), including muscle development, organ growth, cell proliferation, differentiation, cycle progression, migration, apoptosis, and adaptation. The top twenty BPs are depicted in Figure 8B; Supplementary Figure S2. We further calculated the GeneRatio (enrichment gene count/total gene count) and ranked these ratios to highlight the most significant associations. The bubble chart in Figure 8B; Supplementary Figure S2A shows that the five-lncRNA signature (Figure 8B; Supplementary Figure S2A; Supplementary Figure S8D-I) is strongly associated with metabolic processes, protein secretion, kinase activities, cytokine production, wound healing, DNA repair, mRNA processing, and negative regulation of the cell cycle. Additionally, the cellular component (CC) analysis indicated that these lncRNAs are enriched in several cell membranes, extracellular matrix, transport vesicles, myofibrils, actin cytoskeleton, and microtubules. The top 20 CCs are displayed in Figure 8C; Supplementary Figure S2. The bubble chart in Figure 8C; Supplementary Figure S2B illustrates notable associations with cell-cell junctions, secretory granules, transporter complexes, receptor complexes, nuclear envelopes, transcription regulator complexes, and lysosomes (Figure 8C; Supplementary Figure S2B; Supplementary Figure S2D-I). Finally, molecular function (MF) results showed enrichment in various enzyme activities, receptor ligand activities, transcription coregulator activities, ion channel activities, and transmembrane transporter activities. The top 20 MFs are shown in Figure 8D; Supplementary Figure S2. The bubble chart in Figure 8D; Supplementary Figure S2C highlights significant bindings involving actin-tubulin, Ras GTPase, phospholipids, GTP-ribonucleosides, amides, and nucleosides (Figure 8D; Supplementary Figure S2C; Supplementary Figure S2D-I). Under simulated microgravity, GO enrichment analysis showed a noticeable decrease or disappearance of BP, CC, or MF in muscle cells, as shown in Figure 8; Supplementary Figure S2. These findings indicate dynamic changes in GO functions during skeletal muscle development, underscoring the crucial role of lncRNAs in both muscle development and atrophy.
[image: Figure 8]FIGURE 8 | GO enrichment analysis for the lncRNA-miRNA-mRNA ceRNA regulatory network of various stages of skeletal muscle development. (A) The workflow showed that the mRNA expression of various stages of skeletal muscle development were enriched with GO enrichment analysis. (B) The bubble pattern and bar chart show the 10 randomly chosen biological process with GeneRatio and gene count. The skeletal muscle development, wounding respond and protein secretion et al. correlated with gene enrichment. (C) The bubble pattern and bar chart display the 10 randomly chosen cellular component with GeneRatio and gene count. The cell membrane, microtubule, lysosome and mitochondrial et al. associated with gene enrichment. (D) The bubble pattern and bar chart display the 10 randomly chosen molecular function with GeneRatio and gene count. The various enzymes (ubiquitin-protein transferase, ATPase, Ras GTPase and so on), transcription coregulator, transmembrane transporter, cell cycle et,al interrelated with gene enrichment. E, Embryonic; P, Postnatal; QSC, Quiescent satellite cells; ASC, Activated satellite cells; Pro, Proliferation; Diff, Differentiation.
We conducted a Reactome enrichment analysis to elucidate the molecular and biological functions of five lncRNAs (Xist, Pvt1, Gas5, Airn, and Meg3) skeletal muscle development. This analysis intersected predicted mRNAs with those from each phase of muscle development (Figure 9A). The results indicated that these lncRNAs are involved in muscle contraction, cell development, metabolism, and immune response. Thirty selected Reactome pathways are shown in Figures 9B; Supplementary Figure S3. We calculated and ranked the GeneRatio (enrichment gene count/total gene count) and gene count. A bubble chart illustrated the 5-lncRNA signature, showing its significant association with gene expression, small molecule transport, GPCR signaling, stress responses, Rho GTPase signaling, MAPK cascades, RAF/MAP kinase cascade, PIP3-AKT signaling, cell cycle checkpoints, and deubiquitination (Figure 9B; Supplementary Figure S3). Our used Reactome enrichment analysis revealed that cell cycle regulation, including checkpoints and mitotic phases, significantly supports muscle development (P. adjust < 0.05 and FDR < 0.1) (Figure 9B; Supplementary Figure S3). Enzymes related to RHO GTPase, RAF/MAP kinase cascade, MAPK signaling, PIP3-activated AKT signaling, and GPCR signaling also appear to be involved (P.adjust < 0.05 and FDR < 0.1) (Figure 9B; Supplementary Figure S3). Other molecular functions related to skeletal muscle development include the Adaptive Immune System, Deubiquitination, Cytokine Signaling (P.adjust < 0.05 and FDR < 0.1), and Cellular Stress Responses (P.adjust < 0.05 and FDR < 0.05). Reactome enrichment analysis (Figure 9B; Supplementary Figure S3) indicates that simulated microgravity significantly reduced or eliminated the functions and signatures of lncRNAs in muscle cells. LncRNAs Xist, Pvt1, Gas5, Airn, and Meg3 play key roles in cell cycle, metabolism, and transcription. Dysregulation in signal transduction and transcription contributes to muscle atrophy and hinders regeneration. This study highlights that these five lncRNAs significantly influence skeletal muscle development, providing valuable insights for preventing microgravity-induced+ muscle atrophy.
[image: Figure 9]FIGURE 9 | Reactome enrichment analysis for the lncRNA-miRNA-mRNA ceRNA regulatory network of various stages of skeletal muscle development. (A) The workflow showed that the mRNA expression of various stages of skeletal muscle development were enriched with Reactome enrichment analysis. (B) The bubble pattern and bar chart display the 10 randomly chosen molecular function with GeneRatio and gene count. The various enzymes (Rho GTPases, MAPK family signaling cascades, RAF/MAP kinase cascade, PIP3 activates AKT signaling, deubiquitination and so on), cell cycle, cell cycle checkpoints, metabolism, immune system et,al interrelated with gene enrichment. E, Embryonic; P, Postnatal; QSC, Quiescent satellite cells; ASC, Activated satellite cells; Pro, Proliferation; Diff, Differentiation.
Our analysis revealed the interdependence of molecular functions and signaling pathways in biological processes, where elements like lncRNA, miRNA, mRNA, proteins, and enzymes function as signaling molecules or regulators of downstream signaling pathways (Caffaratti et al., 2021). We conducted a KEGG enrichment analysis to clarify the roles of five lncRNAs (Xist, Pvt1, Gas5, Airn, Meg3) in skeletal muscle development, utilizing both predicted mRNAs and mRNAs from each developmental stage (Figure 10A). The analysis revealed enrichment in pathways including Carbon metabolism and the Cell cycle. Figure 10B; Supplementary Figure S4 depict thirty selective KEGG pathways. GeneRatio was calculated as the ratio of enriched gene count to total gene count, followed by ranking of these counts. The bubble chart (Figure 10B; Supplementary Figure S4) highlights significant associations of the 5-lncRNA signature with several signaling pathways including PI3K-Akt, MAPK, Calcium, Ras, Rap, mTOR, FoxO, TNF, TGF-beta, Hippo, and AMPK. Simulated microgravity conditions led to a notable reduction or loss of lncRNA functions and signatures in muscle cells, as evidenced by KEGG enrichment analysis (Figure 10B; Supplementary Figure S4). These results indicate that lncRNAs are instrumental in regulating skeletal muscle development and atrophy processes, including cell proliferation, differentiation, and regeneration, as differentially modulated by KEGG pathway analyses.
[image: Figure 10]FIGURE 10 | KEGG enrichment analysis for the lncRNA-miRNA-mRNA ceRNA regulatory network of various stages of skeletal muscle development. (A) The workflow indicated that the mRNA expression of various stages of skeletal muscle development were enriched with KEGG enrichment analysis. (B) The bubble pattern and bar chart show the 10 randomly chosen signaling pathway with GeneRatio and gene count. The PI3K-Akt, MAPK, Calcium, Ras, Rap signaling pathway et al. involved in regulating various stages of skeletal muscle development and muscle atrophy (waste). E, Embryonic; P, Postnatal; QSC, Quiescent satellite cells; ASC, Activated satellite cells; Pro, Proliferation; Diff, Differentiation.
To further validate the association of signaling pathways with the five lncRNAs (Xist, Pvt1, Gas5, Airn, and Meg3), we conducted Gene Set Enrichment Analysis (GSEA), a standard tool for assessing gene set enrichment (Wilson et al., 2010). This analysis involved the intersection of predicted mRNA from each phase of skeletal muscle development, as illustrated in the flow chart (Figure 11A). GSEA results indicated that the lncRNA signature was enriched in pathways related to muscle atrophy, focal adhesion, autophagy, actin cytoskeleton, apoptosis, ubiquitin, cell growth, carbon metabolism, and lysosome, among others. Figure 11B; Supplementary Figure S5 display 25 randomly selected pathways. We calculated and ranked the GeneRatio and gene count, then used a bubble chart to visualize the 5-lncRNA signature based on these metrics. The bubble chart shows that the 5-lncRNA signature (Figure 11B; Supplementary Figure S5) is strongly linked to various signaling pathways, including Wnt, Hippo, and others. We aimed to assess whether variations in these pathways occur at different stages of skeletal muscle development and further analyzed their association with muscle development using GSEA. We found that the Wnt, Hippo, and AMPK signaling pathways (P.adjust ≤ 0.05 and FDR ≤ 0.05) regulate differentiation from day 0 to day 3 (Figures 11B, C, H; Supplementary Figure S5A, F, W). Chemokine and Apelin pathways (P.adjust ≤ 0.005 and FDR ≤ 0.005) show regulatory functions at embryonic day 12.5 versus postnatal day 0, postnatal day 0 versus day 12, and from differentiation day 0 to day 3 (Figures 11B, I; Supplementary Figure S5A, B, D, F, V). Similar results were observed in each stage of skeletal muscle development. For instance, the cAMP (P.adjust ≤ 0.005 and FDR ≤ 0.005) and Calcium (P.adjust ≤ 0.05 and FDR ≤ 0.05) signaling pathways (Figures 10B, K, L; Supplementary Figure S5B, E) mediate cell proliferation and embryonic development. The Insulin (P.adjust ≤ 0.05 and FDR ≤ 0.05) signaling pathway was involved in cell proliferation and early differentiation (Supplementary Figure S5A, E, F, O). Additionally, the NOD-like receptor, JAK-STAT and NF-kappa B (P.adjust ≤ 0.005 and FDR ≤ 0.005) signaling pathway (Figures 11B, E, G; Supplementary Figure S5A, B, D, E, M) contributed to embryonic development, muscle regeneration and cell proliferation. Classical pathways such as PI3K-Akt and FoxO (P.adjust ≤ 0.05 and FDR ≤ 0.05) participated in postnatal growth, cell proliferation and differentiation (Figures 11B, D; Supplementary Figures S5A, B, D, E, F, P). Furthermore, the MAPK or cGMP-PKG (P.adjust ≤ 0.05 and FDR ≤ 0.05) signaling pathway was involved in embryonic development, cell proliferation and differentiation (Figures 11B, F, J; Supplementary Figure SB, E, F). Additionally, the TNF signaling pathway (P. adjust ≤ 0.005 and FDR ≤ 0.005) and Focal adhesion pathway (P. adjust ≤ 0.05 and FDR ≤ 0.05) facilitated embryonic development and postnatal growth, and were subsequently employed in cell regeneration and proliferation, differentiation respectively (Supplementary Figure S5A-C, E-G, I, Q2). The Cytokine-cytokine receptor interaction pathway (P. adjust ≤ 0.05 and FDR ≤ 0.05) influenced all processes except postnatal growth (Supplementary Figure S5A, B, D-H, R), while the Cell Cycle pathway (P. adjust ≤ 0.05 and FDR ≤ 0.05) governed the entire skeletal muscle development phase (Supplementary Figure S5A-H, T). Additional GSEA results are in Figure 11; Supplementary Figure S5. Under simulated microgravity, GSEA results showed a significant reduction or loss in the molecular functions of several signal transduction pathways involved in skeletal muscle development, including Wnt, Hippo, Chemokine, Calcium, JAK-STAT, PI3K-Akt, FoxO, MAPK, Focal adhesion, Cytokine-cytokine receptor interaction, and Cell Cycle (P. adjust ≥ 0.1 and FDR ≥ 0.1) (Figure 11B; Supplementary Figure S5). These findings demonstrate that the signaling pathway plays a role in skeletal muscle development and offers new insights and prevention strategies for microgravity-induced muscle atrophy.
[image: Figure 11]FIGURE 11 | GSEA enrichment analysis for the lncRNA-miRNA-mRNA ceRNA regulatory network of various stages of skeletal muscle development. (A) The workflow indicated that the mRNA expression of various stages of skeletal muscle development were enriched with GSEA enrichment analysis. (B) The bubble pattern and bar chart show the 10 randomly chosen signaling pathway with GeneRatio and gene count. The Wnt, Hippo, Ampk, Chemokine, Apelin, PI3K-Akt, MAPK, Calcium, Ras, Rap signaling pathway et al. involved in regulating various stages of skeletal muscle development and muscle atrophy (waste). GSEA is a method that determines whether a set of genes shows differences between two biological states. The normalized enrichment score (NES) reflects the degree to which a gene set is upregulated (positive NES) or downregulated (negative NES). Corresponding p values are indicated. (C) GSEA plots showing enrichment of Wnt signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (D) GSEA plots showing enrichment of PI3K-Akt signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (E) GSEA plots showing enrichment of NOD-like receptor signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (F) GSEA plots showing enrichment of MAPK signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (G) GSEA plots showing enrichment of JAK-STAT signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (H) GSEA plots showing enrichment of Hippo signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (I) GSEA plots showing enrichment of Chemokine signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (J) GSEA plots showing enrichment of cGMP-PKG signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (K) GSEA plots showing enrichment of cAMP signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). (L) GSEA plots showing enrichment of Calcium signaling pathway during skeletal muscle development and microgravity-induced muscle atrophy (waste). Normalized enrichment scores (NESs), FDR and nominal p values (Nom p value), as calculated by GSEA, are provided. skeletal muscle development stages contain E12.5 days VS P 0days, P 0days VS P 12 days, QSC 0days VS ASC 3 days, Pro 0days VS Pro 3 days, Diff 0 days VS Diff 3 days and Diff 4 days VS Diff 8 days. Microgravity-induced muscle atrophy (waste) is Static VS Microgravity. E, Embryonic; P, Postnatal; QSC, Quiescent satellite cells; ASC, Activated satellite cells; Pro, Proliferation; Diff, Differentiation.
4 DISCUSSION
Skeletal muscle development (Salazar et al., 2016) is crucial for normal mouse growth and motor function. As the body’s largest organ, skeletal muscle regulates metabolism and energy balance under various stress conditions like microgravity and inflammation (Pant et al., 2016; Egan and Zierath, 2013). Our study integrates existing datasets to uncover novel lncRNAs related to skeletal muscle development, including Xist, Pvt1, Gas5, Airn, and Meg3, thereby fostering new hypotheses and enhancing our understanding of their molecular functions.
By analyzing 26 GEO datasets using R and Perl, we identified lncRNAs Xist, Pvt1, Gas5, Airn, and Meg3, likely due to the early publication dates (2004) and low-depth sequencing of the datasets. Notably, lncRNAs Airn, Gas5, and Xist have been implicated in skeletal muscle development and regeneration. Tiffany et al. (Dill et al., 2021) reported that lncRNA Meg3 regulates EMT to support myoblast differentiation, while Liu et al. (Liu et al., 2019b) found it promotes bovine skeletal muscle differentiation through the miR-135-MEF2C pathway. Enrico et al. (Alessio et al., 2019) suggested that lncRNA Pvt1 accelerates early muscle atrophy by affecting mitochondrial respiration, morphology, and influencing mito/autophagy, apoptosis, and myofiber size in vivo. Our findings, derived from analyzing 26 datasets, align with previous studies and confirm the reliability of our results. Despite the risk of filtering out many lncRNAs and potential artefacts, our integrated analysis overcomes these limitations by pooling samples, re-annotating, analyzing all datasets, and removing batch effects. This approach minimizes single-analysis risk and human interference, allowing us to map the global response of lncRNAs Xist, Pvt1, Gas5, Airn, and Meg3 to various skeletal muscle development phases.
Studies on lncRNAs primarily focus on their ceRNA networks with miRNAs and mRNAs, influencing cell growth, development, and diseases such as muscle atrophy and cancer (Winkle et al., 2021; Thomson and Dinger, 2016; Qi et al., 2020; Matsui and Corey, 2017). Under microgravity, significant changes in lncRNAs provide new insights into skeletal muscle development. We identified relevant lncRNAs and constructed a ceRNA network by predicting their interactions with miRNAs and mRNAs. The predicted miRNAs, known to regulate muscle function (Horak et al., 2016), were also observed in a microgravity-induced muscle regeneration model, including miR-206, miR-133, miR-499, and miR-23-5p (Supplementary Figure S1). We examined several ceRNA regulatory networks in muscle tissue or cells, including lncRNA Xist/miR-499-5p/znrf2, lncRNA Pvt1/miR-140-5p/Co14a2, lncRNA Meg3/miR-330-5p/Fads1, lncRNA Gas5/miR-362-3p/Mcf21, and lncRNA Airn/miR-342-3p/Hoxb8 (Figure 7C; Supplementary Table S1). Cheng et al. (Cheng et al., 2020) and Wang et al. (Wang et al., 2021). showed that lncRNA Xist/miR-126 enhances cell proliferation and glucose metabolism via the IRS1/PI3K/Akt pathway in glioma. Liao et al. (Liao et al., 2019) and Wang et al. (Wang et al., 2021) found that lncRNA Xist/miR-17-5P/AHNAK inhibits OPLL by activating the BMP2 signaling pathway in primary human ligament fibroblast cells. Xiong et al. (Xiong et al., 2021) and Wang et al. (Wang et al., 2021) indicated that lncRNA Xist/miR-486-5p/GAB2 promotes cerebral ischemia-reperfusion injury in SH-SY5Y cells. Similar studies have been conducted on other lncRNAs. Wu et al. (Wu et al., 2019) found that lncRNA Gas5/miR-335/ROCK1 alleviates myocardial ischemia/reperfusion injury via the AKT/GSK-3β axis. Chi et al. (Chi et al., 2019) demonstrated that lncRNA Gas5/miR-455-5p/SOCS3 promotes M1 macrophage polarization by activating the JAK2/STAT3 pathway in childhood pneumonia. Xi et al. (Xi et al., 2020) showed that lncRNA Pvt1/miR-148/RAB34 enhances cell proliferation and migration in NSCLC progression. Our findings align with previous research (Figure 7C; Supplementary Table S1) on constructing a ceRNA regulatory network using R and Perl, validating our analysis. Our results suggest that lncRNAs likely collaborate with miRNAs, mRNAs, or other cytokines, rather than acting independently, in regulating physiological and biochemical functions.
The ceRNA regulatory network of lncRNA-miRNA-mRNA underpins its cellular regulatory role. Our analysis shows it primarily engages in biological processes like muscle and organ development, cell proliferation and differentiation, wound response, cell cycle, and protein secretion regulation (see Figures 8, 9; Supplementary Figure S2, 3). This activated various enzymes, proteins, transcription pathways, and cell cytokines, including ATPase, GTPase, PIP3 kinase, MAPK kinase, GPCR kinase, ion channel proteins, and cell cycle proteins, across different organelle membranes, endoplasmic reticulum, cytoskeleton, cell adhesion sites, and both inside and outside the nucleus (Figure 8; Figure 9; Supplementary Figure S2; Supplementary Figure S3). Additionally, studies (Pedersen and Febbraio, 2012; Korotkova and Lundberg, 2014; von Haehling et al., 2017; Cohen et al., 2015) indicate that muscle cells secrete cytokines and proteases that influence skeletal muscle development by activating downstream signaling molecules. Research by Chen et al. (Chen et al., 2020a; Chen et al., 2020b), Wang et al. (Wang et al., 2019b), and Luo et al. (Luo et al., 2021) further shows that the ceRNA regulatory network of lncRNA-miRNA-mRNA supports muscle development processes such as cell proliferation, differentiation, regeneration, and atrophy by regulating downstream signaling pathways. Our findings closely matched current data, validating our GO and reactome analysis. Ultimately, we identified the ceRNA regulatory network of lncRNA-miRNA-mRNA as a key facilitator of skeletal muscle development in terms of biological processes, cellular components, and molecular functions.
Signaling pathways within the ceRNA regulatory network of lncRNA-miRNA-mRNA are vital for controlling cell growth, proliferation, differentiation, and energy metabolism. Our analysis identified several key pathways—cell cycle, PI3K/Akt, TNF, Wnt, Insulin, IGF1, MAPK, NF-κB, Apoptosis, Focal adhesion, Calcium, TGF-beta, cytokine-cytokine receptor interaction, neuroactive ligand-receptor interaction, chemokine, actin cytoskeleton regulation, and protein processing in the endoplasmic reticulum—that may impact muscle diseases and skeletal muscle development (Figures 10, 11; Supplementary Figure S4, 5). Previous research has shown that pathways such as PI3K/Akt, TNF, Wnt, Insulin, IGF1, MAPK, and NF-κB regulate skeletal muscle development (Egan and Zierath, 2013; Braun and Gautel, 2011; Egan et al., 2016). Misregulation of these pathways can lead to muscle-related conditions like sarcopenia and atrophy, often caused by cancer, diabetes, chronic nephritis, and microgravity (von Haehling et al., 2017; Cohen et al., 2015; Wang and Mitch, 2014; Sharma et al., 2015; Han and Mitch, 2011). Our study supports these findings, revealing that these pathways exhibit contrasting roles at different developmental stages (Figures 10, 11; Supplementary Figure S4, 5). For example, the PI3K/Akt pathway is active during embryonic development, postnatal growth, and muscle cell proliferation but inactive at other phases. Conversely, the MAPK pathway is upregulated during embryonic development, cell proliferation, and differentiation but downregulated at other times.
The Hippo, AMPK, NF-κB, and cAMP signaling pathways show varied activation during different stages of muscle development, while the cell cycle pathway consistently supports the entire process (Figures 10, 11; Supplementary Figure S4, 5). The AMPK pathway’s (Thomson, 2018) role in muscle development is hindered under microgravity, potentially causing muscle atrophy (Figures 10, 11; Supplementary Figure S4, 5). Studies have shown that this pathway negatively affects muscle size, hypertrophy, and regeneration (Thomson, 2018). The Hippo signaling network is crucial for myogenesis, regeneration, muscular dystrophy, and rhabdomyosarcoma (Wackerhage et al., 2014; Watt et al., 2018), (Wackerhage et al., 2014; Watt et al., 2018). Additionally, NF-κB and cAMP signaling pathways regulate muscle development through cell proliferation and differentiation (Peterson et al., 2011; Ravnskjaer et al., 2016) (Peterson et al., 2011; Ravnskjaer et al., 2016), while PI3K/Akt and MAPK also play significant regulatory roles (Cohen et al., 2015; Segales et al., 2016), (Cohen et al., 2015; Segales et al., 2016). The cell cycle pathway regulates cell growth, muscle development, proliferation, differentiation, and pathology (Adhikari et al., 2019; Bischoff, 1990; Ciemerych et al., 2011; Halevy et al., 1995). Our KEGG and GSEA enrichment analysis confirmed these findings, enhancing the reliability of our results.
We identified distinct roles for lncRNAs Xist, Pvt1, Gas5, Airn, and Meg3 in muscle development and related pathologies. Demonstrating that lncRNAs can protect against muscle atrophy caused by simulated weightlessness opens new research possibilities. More data and clinical experiments are needed to test our hypothesis, along with comprehensive technical analyses using multi-omics technologies and single-cell RNA sequencing to uncover functional changes in noncoding RNA, proteins, proteases, cytokinesis, and kinase in muscle development. Our multilevel data-integration approach, using extensive mouse studies and Affymetrix chip datasets analyzed with R or Perl, will advance noncoding RNA research and develop new lncRNA-based therapies.
5 CONCLUSION
We demonstrated that skeletal muscle development and atrophy can be precisely controlled using a 5-lncRNA signature (Xist, Pvt1, Gas5, Airn, Meg3). Our findings suggest that well-regulated signaling pathways are essential for stable muscle development. However, further validation in larger independent studies is necessary to confirm our results.
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