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The imbalance of osteogenic, adipogenic, and chondrogenic differentiation in bone marrow mesenchymal stem cells (BMSCs) occurred in multiple age-related degenerative diseases such as osteoporosis and osteoarthritis. In order to improve our understanding and control of multi-directional differentiation of BMSCs in rats, using high-throughput sequencing, we identified key gene regulatory events in the early stages of lineage commitment. Data analysis revealed two transcription factors (TFs, Tsc22d3, and Epas1) with elevated expression throughout the initiation of differentiation (3 h), lineage acquisition (12 h), and early lineage progression (72 h) of three-directional differentiation. For osteogenic differentiation, 792, 1,042, and 638 differentially expressed genes including 48, 59, and 34 TFs were identified at three time points, respectively. Moreover, the functional analysis demonstrated that 4, 12, and 5 TFs were only differentially expressed during osteogenic differentiation at 3, 12, and 72 h, respectively, and not during other two-directional differentiation. Hopx showed enhanced expression throughout three early phases during the osteogenic differentiation but no significant change in other two-directional differentiation. A similar pattern of Gbx2 expression occurred in chondrogenic differentiation. Thus, Hopx and other early responder TFs may control the osteogenic cell fate of BMSCs and participate in the development of osteoporosis. Gbx2 and other early responder TFs should be considered in mechanistic models that clarify cartilage-anabolic changes in the clinical progression of osteoarthritis.
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INTRODUCTION

Bone mesenchymal stem/stromal cells (BMSCs) have the potentials of differentiating into several mesodermal derivatives, in particular osteogenic (osteogenic progenitors, osteocytes, osteoblasts, and bone lining cells), adipogenic and chondrogenic cells in the existence of physiological demands or pathological changes (Arthur and Gronthos, 2020; Jiang et al., 2021). Systematic cell-based therapy by administration of in vivo expanded BMSCs could serve as an excellent alternative for bone regeneration and tissue engineering (Arthur and Gronthos, 2020; Robert et al., 2020; Jiang et al., 2021), but it is not yet a standard clinical practice due to donor variation among patients and unpredictable direction for cell differentiation (Crapnell et al., 2013; O’Connor, 2019).

The adipogenesis and osteogenesis of BMSCs are competing and reciprocal, keeping homeostasis within the bone. The primary role of BMSCs-derived osteoblasts is to produce and secrete osteoid and mineralizing factors to remodel bone according to the metabolic and structural needs of the body (Yu and Wang, 2016). During aging and the development of bone remodeling disorders such as osteoporosis and osteonecrosis, the normal balance between osteogenic and adipogenic cell populations can shift toward the latter and result in increased formation of marrow fat (Zhang et al., 2018; Pittenger et al., 2019; Robert et al., 2020; Saeedi et al., 2021). Hyaline cartilage is responsible for bone formation in the embryo and can be found in the articular surface of the bones of adults (Carballo et al., 2017). Until now, the in vitro differentiation process is unable to produce cartilage similar to articular cartilage formed under normal physiological conditions (Huynh et al., 2019). Further understanding the mechanism for the three-directional differentiation of BMSCs is imperative.

The differentiation of BMSCs is a two-step process, lineage commitment (from MSCs to lineage-specific progenitors) and maturation (from progenitors to specific cell types) (Robert et al., 2020). The lineage commitment of MSCs to adipocytes, osteoblasts and chondrocytes share a common precursor (Chen et al., 2016; Yianni and Sharpe, 2020), and intensive studies in recent decades have demonstrated that a number of signaling pathways and transcription factors (TFs) are critical for this process (van de Peppel et al., 2017). RUNX2, SP7/Osterix, and SOX9 are among the leading TFs involved in the differentiation of MSCs into osteoblasts or chondrocytes, while PPARγ and cyclic AMP response element-binding protein (CREB) are required for adipogenic differentiation (Chen et al., 2016; Pittenger et al., 2019; Robert et al., 2020). Overexpression of RUNX2 in non-osteoblastic cells and adipose-tissue-derived MSCs elevates the level of osteoblastic markers, promotes mineralization and inhibits lineage commitment to adipocytes, indicating that a single TF is important for bone development and osteoblast differentiation (Robert et al., 2020). During adipogenesis, the production of cyclic AMP is augmented, resulting in phosphorylation of CREB and an increased expression of CEBPβ (Merrett et al., 2020). CEBPβ, together with the other two CEBP family members (CEBPα and CEBPδ), was reported to be implicated in adipogenic differentiation (Chen et al., 2016; Hu et al., 2018; Robert et al., 2020).

Although the enriched biological processes and TFs are mostly identical between these lineages within the first 4 days after induction (van de Peppel et al., 2017; Fang et al., 2020), the early stages of lineage commitment of human BMSCs could be further divided into three distinct phases with own mRNA dynamics: initiation of differentiation (0–3 h, phase I), lineage acquisition (6–24 h, phase II), and early lineage progression (48–96 h, phase III) (van de Peppel et al., 2017). Downstream analyses of four TFs (TP53, FOSl1, ESR1, and HOXA9) identified during the first phase of osteogenic differentiation are capable of regulating more than 50% of the differentially expressed genes (DEGs) in the second and third phases. However, the expression of TFs in chondrogenic differentiation during this stage was not systematically investigated. Meanwhile, this study used human BMSCs, while key TFs playing critical roles in lineage commitment of rat BMSCs were not considered.

BMSCs from 4 different species (human, pig, rat, guinea pig) fail to elicit a proliferative response from allogeneic lymphocytes and therefore can function across the species barrier (Li et al., 2012). Given the unique immunologic properties of rat BMSC, BMSC from rats is an attractive option for xenografts. In the current study, in vivo differentiation of rat BMSCs from a two-dimensional culture system was applied, and by using high-throughput transcriptome sequencing technique and multiple bioinformatics methods, we systematically investigated genes, especially TFs being regulated upon lineage commitment of rat BMSCs into adipocytes, chondrocytes, and osteocytes. One of our key findings was the characterization of genes and regulatory programs controlling the early stages of lineage commitment of rat BMSCs. Progress in this area will be of great value to understand age- and pathology-related fractures and metabolic syndromes, and to guide a better application of BMSCs in tissue engineering and regenerative medicine.



MATERIALS AND METHODS


Cell Isolation and Induced Differentiation

This study was approved by the Animal Ethics Committee of Shandong Provincial Hospital affiliated to Shandong First Medical University. BMSCs were collected from femurs and tibia of 3 female Sprague Dawley (SD) rats (3 weeks old) by washing the marrow cavity using high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Rockville, MD, United States) until bones appear white. Obtained cell clumps were dispersed to cell suspension by using 21-gauge needles. The cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) in an incubator of 5% CO2 and 95% humidity at 37°C. BMSCs at passage 2 were seeded in 12-well cell culture plates and after 2 days, cells were induced to differentiate into osteoblasts using mesenchymal stem cell osteogenic differentiation medium (Promocell, Germany, C-28013), or to adipocytes using mesenchymal stem cell adipogenic differentiation medium (Promocell, Germany, C-28016), or to chondrocytes using mesenchymal stem cell chondrogenic differentiation medium (Promocell, C-28012). Differentiation media were replaced every 3–4 day.



Protein Concentration Assay and Bone Marrow Mesenchymal Stem Cells Staining

Protein concentration assay, Elisa assay, alizarin red staining, Oil Red O staining and Alcian blue staining were performed as previously described (Bruedigam et al., 2011; Gari et al., 2016).



RNA Isolation

To obtain enough RNA for the gene expression profiling analyses, we pooled three individual cultures in TRIzol (Life Technologies), resulting in a total of three experimental samples per time point (3 time points, namely, 3, 12, and 72 h) per lineage (osteogenic, adipogenic, or chondrogenic) to be used for gene expression profiling analyses. Plus, the control samples, there were a total of 30 samples. RNA was isolated as previously described (Bruedigam et al., 2011).



High-Throughput Sequencing

The quality of RNA was analyzed using NanoDropTM One (Thermo Fisher Scientific, United States). An mRNA library was constructed by NEBNext® UltraTM II mRNA Library Prep Kit for Illumina® (NEB, United States). QubitTM dsDNA HS Assay Kit (Invitrogen, United States), D1000 Screen Tape (Agilent, United States), and KAPA Library Quant kit (illumine, United States) universal qPCR Mix were used to assess the quality and yield of the constructed library. Finally, the mRNA was sequenced by NovaSeq 6000 (Illumina, United States).



Sequencing Result Analysis

After standardization and quality control of the sequencing data, the differential expression of mRNA was analyzed. | log2fold change (FC)| in mRNA expression ≥ 1 with an adjusted p-value < 0.05 was used as the threshold for determining gene upregulation or downregulation. Differentially expressed TFs were identified by using the AnimalTFDB 3.0 database.1 Gene Ontology (GO) enrichment2 and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment3 analysis was utilized to determine the biological function of the differentially expressed TFs and investigate its possible involvement in the lineage-commitment of rat BMSCs. The protein-protein interaction (PPI) network of identified genes was predicted using the multiple protein online tool in STRING database (Liu et al., 2021), a search tool for the Retrieval of Interacting Genes database (version 11.0b)4 and visualized in Cytoscape software (Version 3.6.2). Relationships between critical TFs and their differentially expressed target genes were predicted to construct the TF-target regulatory network based on the previous method (Zhang et al., 2017; Zhou et al., 2021).



Statistical Analysis

Statistical analyses were conducted by using SPSS Software, version 17.0 (IBM SPSS Statistics, United States). One-way analysis of variance (ANOVA) followed by LSD method was used to compare the protein concentration and ALP expression between different groups, which are expressed as the means ± standard deviation. Differences between means were considered statistically significant when p-values were < 0.05.




RESULTS


Differentiation of Rat Bone Marrow Mesenchymal Stem Cells Into Osteoblasts, Adipocytes, and Chondrocytes

On day 21 after induced differentiation, histological staining for calcium in the osteogenic differentiation group showed that extracellular matrix (ECM) was mineralized (Figure 1A), Oil Red O staining for lipids in the adipogenic differentiation group showed that cells accumulated intracellular lipid vesicle (Figure 1B), and Alcian blue staining in the chondrocyte differentiation group showed cartilage formation (Figure 1C). Biochemical analyses of samples during differentiation revealed that total protein and alkaline phosphatase (ALP) concentration transiently increased during adipogenic, osteogenic, and chondrogenic differentiation (Figures 1D,E). Together, our observations established that rat BMSCs differentiated into three lineages, consistent with their expected multi-lineage potential.
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FIGURE 1. Adipogenic, osteogenic and chondrogenic differentiation of rat BMSCs. Histochemical staining of calcium (A) with Alizarin red or adipocyte (B) with oil red O or cartilage (C) with Alcian blue staining after 21 days of osteogenic or adipogenic or chondrogenic differentiation. Scale bars, 100 and 50 μm; total protein (D) and ALP (E) concentration in osteogenesis, adipogenesis and chondrogenesis of rat BMSC. Error bars indicate SD. Mean and SD of three independent experiments with three technical replicates.




Identification of Differentially Expressed Transcription Factors in Three Phases

Data cross−comparability was evaluated via principal component analysis (PCA) for confirming biological variability between different samples. All samples were grouped separately (Figure 2A), indicating globally distinct expression profiles. Analysis of gene expression dynamics during rat BMSC differentiation revealed that transcript levels changed significantly 3 h upon induction of differentiation (Figure 2B). During induction of osteogenic differentiation, 792, 1,042, and 638 DEGs were identified at three time points, respectively. At least 48 TFs (21 upregulated and 27 downregulated ones) were significantly different at 3 h and this increased further to 59 (25 upregulated and 34 downregulated ones) at 12 h. The number of significantly modulated TFs decreased to 34 (22 upregulated and 12 downregulated ones) at 72 h. During adipogenic differentiation, the number of differentially expressed TFs was 58 at 3 h, 26 at 12 h, and 36 at 72 h. During chondrogenic differentiation, the number was 49 at 3 h, 38 at 12 h, and 39 at 72 h. Remarkably, at 3 and 12h after differentiation, the number of downregulated TFs was higher than the upregulated ones. Next, we calculated the number of differentially expressed TFs at each time point compared with the preceding time point and in three directions of differentiation, the number of TFs that changed per hour decreased as time extends (Figure 2C). Differentially expressed TFs in three time points during three-directional differentiation were summarized in Table 1.
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FIGURE 2. Dynamic transcriptional changes upon osteogenic, adipogenic, and chondrogenic differentiation of rat BMSCs. (A) Principal component analyses of the gene expression profile in osteogenic, adipogenic, and chondrogenic groups at three time points; (B) number of significant differential TFs relative to the previous time point (based on three independent experiments); and (C) the number of differentially expressed TFs per hour compared to the previous time point (based on three independent experiments). AD, adipogenesis; OS, osteogenesis; CH, chondrogenesis.



TABLE 1. The same differential expressed TFs at three time points after differentiation into osteoblasts, adipocytes, and chondroblasts.

[image: Table 1]
The volcano plot and heatmap of differentially expressed TFs at 3, 12, and 72 h of osteogenesis were shown in Figure 3, while results of comparison between every two lineage-commitment at 3 h after inductive differentiation were presented in Figure 4. Supplementary Figures 1, 2 described the visualized results of differentially expressed TFs at three time points of adipogenic and chondrogenic differentiation.
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FIGURE 3. Volcano plot and heatmap of differentially regulated TFs during osteogenesis at 3 h (A,B), 12 h (C,D), and 72 h (E,F) compared with undifferentiated cells (t = 0 h).
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FIGURE 4. Volcano plot and heatmap of differentially regulated TFs between every two lineages at 3 h after inductive differentiation (t = 0 h). (A,B) comparison between osteogenesis and adipogenesis; (C,D) comparison between osteogenesis and chondrogenesis, and (E,F) comparison between chondrogenesis and adipogenesis. AD, adipogenesis; OS, osteogenesis; CH, chondrogenesis.




Identification of Specific Differentially Expressed Transcription Factors in Three Phases

In osteogenesis of BMSCs, there were 13, 20, and 14 TFs being identified to be differentially expressed only at 3, 12, and 72 h after inductive differentiation (Figure 5A). In adipogenesis, the numbers were 33, 3, and 14 (Figure 5B), and for chondrogenesis, the numbers were 20, 11, and 13 (Figure 5C). Notably, 11 (e.g., Hopx and Tsc22d3), 12 (e.g., Irf5 and Rab24), and 11 (e.g., Gbx2 and Epas1) TFs showed differentially expressed levels at all three time points in osteogenesis, adipogenesis, and chondrogenesis, respectively.
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FIGURE 5. Venn Diagrams of differentially regulated TFs at 3 h (A), 12 h (C), and 72 h (E) of three directions of differentiation compared with undifferentiated cells (t = 0 h). Venn Diagrams of differentially regulated TFs during osteogenesis (B), adipogenesis (D), and chondrogenesis (F) at three time points compared with undifferentiated cells (t = 0 h). AD, adipogenesis; OS, osteogenesis; CH, chondrogenesis.




Comparison of Differentially Expressed Transcription Factors Between Different Lineages

At 3 h after induction of differentiation, it was noticed that there were 15, 24, and 17 TFs only differentially expressed in osteogenesis, adipogenesis, and chondrogenesis, respectively (Figure 5D). At 12 h, the numbers were 35, 6, and 18 (Figure 5E), and at 72 h, the numbers were 13, 12, and 19 (Figure 5F). Notably, 11 (e.g., Hmg20a and Hoxc6), 5 (e.g., Id2 and Id3), and 11(e.g., Tfcp2l1 and Scx) TFs showed differential expression at all three directions of differentiation at 3, 12, and 72 h after inductive differentiation, respectively.



Functional Enrichment Analysis of Differentially Expressed Transcription Factors

GO and KEGG pathway enrichment analysis of differentially expressed TFs at different time points of three directions of differentiation was performed to identify the most relevant biological processes (BPs), molecular functions (MFs), cellular components (CCs), and pathways. The top enriched terms in BP, CC, MF, and KEGG at 3 h after osteogenesis were presented in Figure 6A. For instance, the enriched BPs terms included “negative regulation of transcription from RNA polymerase II promoter,” “regulation of transcription, DNA-templated,” and “positive regulation of transcription from RNA polymerase II promoter.” The enriched terms at 12 and 72 h after osteogenesis were presented in Figures 6B,C, respectively, while results of the other two directions of differentiation were presented in Supplementary Figures 3, 4.
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FIGURE 6. GO including biological process, cellular components and molecular function analysis, and KEGG enrichment analysis of differentially expressed TFs at 3 h (A), 12 h (B), and 72 h (C) of osteogenesis compared with undifferentiated cells (t = 0 h).


The differentially expressed TFs between osteogenesis and adipogenesis at 3 h after inductive differentiation were also significantly enriched in BPs terms such as “negative regulation of transcription from RNA polymerase II promoter,” “regulation of transcription, DNA-templated.” Results of functional enrichment analysis of the differentially expressed TFs between every two lineage-commitment at 3 h of inductive differentiation were presented in Figure 7.
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FIGURE 7. GO including biological process, cellular components and molecular function analysis, and KEGG enrichment analysis of differentially expressed TFs between every two lineages at 3 h after inductive differentiation (t = 0 h). (A) comparison between osteogenesis and adipogenesis; (B) comparison between osteogenesis and chondrogenesis, and (C) comparison between chondrogenesis and adipogenesis.




Protein Interaction Network Construction of Differentially Expressed Transcription Factors

The interactions between the proteins expressed from differentially expressed TFs at 3 h of osteogenesis consisted of 17 nodes and 13 edges, with Klf4 gene being identified to have a relatively high connectivity degree (Figure 8A). The PPI networks at 12 and 72 h after osteogenesis were presented in Figures 8B,C, respectively. Meanwhile, the PPI networks of the other two-direction differentiation at three time points were presented in Supplementary Figure 5.
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FIGURE 8. Protein-protein interaction (PPI) network analysis of differentially expressed TFs. PPI network of differentially expressed TFs at 3 h (A), 12 h (B), and 72 h (C) of osteogenesis compared with undifferentiated cells (t = 0 h); the PPI network of differentially regulated TFs between osteogenesis and adipogenesis (D), between osteogenesis and chondrogenesis (E), and between chondrogenesis and adipogenesis (F) at 3 h after inductive differentiation (t = 0 h). Red indicates upregulated TFs, and green indicates the downregulated TFs.


The interactions between the proteins expressed from differentially expressed TFs between osteogenesis and adipogenesis at 3 h after inductive differentiation consisted of 6 nodes and 6 edges, with the Sox9 gene being identified to have a relatively high connectivity degree (Figure 8D). The interactions between the proteins expressed from differentially expressed TFs between osteogenesis and chondrogenesis, and between adipogenesis and chondrogenesis at 3 h after inductive differentiation were presented in Figures 8E,F.



Construction of Differentially Expressed Transcription Factors and Differentially Expressed Genes Regulatory Network

Based on the integrated analysis between TFs and DEGs, it could be noticed that during osteogenesis, the differentially expressed TFs at 3 h were able to regulate 111, 92, and 46 DEGs at 3, 12, and 72 h after differentiation (Figures 9A–C). Four differentially expressed TFs (Tead3, Cenpa, Epas1, and Klf4) identified at 3 h could function at all three time points. Meanwhile, during adipogenesis, the differentially expressed TFs at 3 h were able to regulate 113, 85, and 61 DEGs at 3, 12, and 72 h after differentiation (Figures 10A–C). Six differentially expressed TFs (Sox9, Snai2, Epas1, Id2, Cenpa, and Bhlhe40) occurred in three regulatory networks. For chondrogenesis, the differentially expressed TFs at 3 h were able to regulate 115, 33, and 60 DEGs at 3, 12, and 72 h after differentiation (Figures 11A–C). Six differentially expressed TFs (Runx3, Hic1, Scx, Sox9, Epas1, and Nfia) identified at 3 h could function at all three time points.
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FIGURE 9. The regulatory network between differentially expressed TFs at 3 h and targeted differentially expressed genes at 3 h (A), 12 h (B), and 72 h (C) in osteogenesis compared with undifferentiated cells (t = 0 h). Blue indicates TFs, and green indicates targeted genes.
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FIGURE 10. The regulatory network between differentially expressed TFs at 3 h and targeted differentially expressed genes at 3 h (A), 12 h (B), and 72 h (C) in adipogenesis compared with undifferentiated cells (t = 0 h). Blue indicates TFs, and green indicates targeted genes.
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FIGURE 11. The regulatory network between differentially expressed TFs at 3 h and targeted differentially expressed genes at 3 h (A), 12 h (B), and 72 h (C) in chondrogenesis compared with undifferentiated cells (t = 0 h). Blue indicates TFs, and green indicates targeted genes.


The regulatory networks between TFs and DEGs at 12 and 72 h after differentiation were presented in Supplementary Figure 6. The regulatory networks of the differentially expressed TFs and DEGs between every two lineage-commitment at 3 h after inductive differentiation were presented in Supplementary Figure 7.




DISCUSSION

Most previous studies investigating the differentiation process of BMSCs used primary cells isolated from humans. BMSCs isolated from rat functions across barriers and could be used as a source of regenerative therapy for bone metabolic diseases and bone defects. van de Peppel et al. (2017) discriminated the first 4 days of human BMSCs differentiation into three distinct phases and presented candidate genes for early regulation of osteogenic and adipogenic lineage-commitment. In the present study, we focused on the mechanism underlying the determination of osteogenesis, adipogenesis, and chondrogenesis of rat BMSCs. Primary rat BMSCs represent a heterogeneous cell population, but by using inductive differentiation mediums, the clock of the cells was synchronized to limit cell-cycle heterogeneity. Three time points (3, 12, and 72 h) in three phases of early lineage-commitment of rat BMSCs differentiation were chosen and the high-throughput sequencing data we generated discovered the key transcription factors guiding the differentiation direction. These processes occurred before time windows examined by most previous studies but were proved to play critical roles in the differentiation (Ng et al., 2008; Piek et al., 2010). Hopx and other early responder TFs may control the osteogenic cell fate of BMSCs and participate in the development of osteoporosis. Gbx2 and other early responder TFs should be considered in mechanistic models that clarify cartilage-anabolic changes in the clinical progression of osteoarthritis.

In the first phase of differentiation, gene expression analyses revealed a high number of differentially expressed TFs in all three directions of differentiation. In the regulatory model derived from our data, the first phase represents the initiation stage of the differentiation program and is characterized by expression changes of many transcription-related genes that regulate lineage commitment and set the stage for further differentiation toward a stable phenotype. Downstream analyses of the differentially expressed TFs identified at 3 h of osteogenic differentiation showed that they were capable of regulating 92 and 46 DEGs in the second and third phases, respectively. As for the second phase, differentiating lineages begin to deviate, as reflected by the fact that many transcriptional changes are direct targets of the differentially expressed TFs in the first phases. In the current study, TFs that changed per hour decreased as time extended, which suggested that the differentiating cells had reached a stable phenotype. This illustrates the transition from proliferation to differentiation and reflects the inverse correlation between these processes as has been described in various other differentiating cells.

Interestingly, we identified two TFs (Tsc22d3 and Epas1) that were upregulated in three lineages at all three time points, which may play an important role in the initiation of osteogenesis, adipogenesis, and chondrogenesis. Tsc22d3, also known as glucocorticoid−induced leucine zipper, is a glucocorticoid−responsive anti−inflammatory molecule that could regulate intracellular signaling pathways via hypoxia-induced factor-1α (HIF−1α) as well as AP−1 (Kanda et al., 2020). Tsc22d3 is also one of the most regulated genes in Cushing’s syndrome (CS) and has been demonstrated to regulate osteoblast and bone turnover. Epas1, also known as HIF-2, is an active nucleoprotein and transcription factor induced by hypoxia. It could regulate hundreds of genes including VEGF, Ang-2, and HO-1, acting to enhance the production of corresponding proteins, and launch the process of angiogenesis and osteogenesis (Zhou et al., 2020). Thus, transfection of Epas1 into BMSCs provides an alternative for treating bone defects in the clinic. Other noteworthy TF is Hopx, which is the smallest member of the homeodomain-containing protein family (Hng et al., 2020). Hopx manifested an up-regulated transcription level only under the condition of osteogenesis (3, 12, and 72 h). Unlike other typical homeobox proteins, Hopx binds to different protein partners and therefore recruits transcription factors to gene promoter regions (Trivedi et al., 2010; Hng et al., 2020). Hemming et al. (2016) have demonstrated a correlation between the Enhancer of zeste homolog 2 (EZH2) and Hopx, implicating a regulatory effect of Hopx during BMSC osteogenesis. Similarly, Gbx2 may participate in the decision of chondrogenesis of BMSCs. This TF is a LIF/STAT3 signaling downstream target that could allow long-term expansion of the undifferentiated embryonic stem cells (Wang et al., 2017). Sox9 was up-regulated in chondrogenesis but down-regulated in adipogenesis in tree time points, which was consistent with previous studies that this TF was essential for lineage differentiation of BMSCs (Lefebvre et al., 2019). Cooperation between GLI, JUN/FOSL2, and Sox9 is based on multiple binding sites near those of Sox9 and therefore transactivates many cartilage-specific genes (Liu and Lefebvre, 2015). Four TFs including Ybx3, Zbtb25, Hes6, and Zfp879 were inclusively upregulated at 3 h of osteogenesis. Further studies are needed to elucidate their role in the initiation of osteogenesis.

Then we used a variety of bioinformatics analysis methods to analyze these differentially expressed TFs to obtain a comprehensive understanding. As a result, GO terms of the differentially expressed TFs at 3 h of osteogenesis, adipogenesis, and chondrogenesis for biological process categories included “negative regulation of transcription from RNA polymerase II promoter,” “transcription, DNA-templated,” and “regulation of transcription, DNA-templated.” Furthermore, the KEGG pathway enrichment analysis revealed that the differentially expressed TFs at 3 h of osteogenesis and adipogenesis were predominantly associated with the “signaling pathways regulating pluripotency of stem cells” (Id2, Id3, and Klf4). Id2 and Id3 were downregulated in three lineages while Klf4 was upregulated in the process of adipogenesis and osteogenesis. This suggests that the initiation of BMSCs differentiation is similarly activated in both lineages, and changes of these signaling pathways and TFs are necessary to exit the immature multi-potent cell stage and acquire a specialized mesenchymal phenotype. While in the second phase, the enriched KEGG pathways begin to deviate. For osteogenesis, “signaling pathways regulating pluripotency of stem cells” was still significantly enriched, while for adipogenesis, “PI3K-Akt signaling pathway” and “MAPK signaling pathway” were significantly enriched. For chondrogenesis, “cAMP signaling pathway” was significantly enriched.

The regulatory network provided potential connections between identified DEGs and TFs. There were four, six, and six differentially expressed TFs identified at 3 h during osteogenesis, adipogenesis, and chondrogenesis possessing targets among DEGs identified at all three time points. It could be noticed that Cenpa and Epas1 overlap in osteogenesis and adipogenesis while Sox9 overlaps in adipogenesis and chondrogenesis. Like Epas1, Cenpa was also upregulated in both osteogenesis and adipogenesis at 3 h. Cenpa is a functionally conserved molecule about 17kDa that forms a centromere-specific nucleosome with H2A, H2B, and H4, whose overexpression is crucial for multiple kinds of cancers (Saha et al., 2020; Zhang et al., 2020). The role of Cenpa in lineage-commitment of BMSCs has not to be raised by former studies.

It could be noticed that there are some variations at the transcriptional level between the differentiation of human and rat BMSCs. At present, mechanism investigation regarding the lineage-commitment of rat BMSCs is still lacking. We performed high-throughput transcriptome sequencing and conducted a rigorous informatics analysis based on multiple databases, proposing multiple key transcription factors that may participate in the lineage-commitment of rat BMSCs. These findings provide research directions and potential molecular candidates for further studies investigating the underlying mechanisms of three-directional differentiation of rat BMSCs. However, this study has some shortcomings. First, this is an in vitro experiment based on isolated rat BMSCs. The differentiation processes may possess different characteristics in vivo. Findings obtained from in vitro experiments cannot simply be transposed to predict the reaction of an entire organism in vivo. Second, only three time points were selected in this study. These time points were separately locating in three phases and were used as delegates. Third, further in-depth studies are needed to establish whether MSCs from adipose tissue or other anatomical locations undergo a similar cascade of transcriptional events. Adipose-derived MSCs may respond very differently with respect to their clonogenic potential and doubling time in comparison with BMSCs (Russo et al., 2014). Fourth, the detailed functional mechanism of identified TFs was not clearly elucidated, and we could not attribute the lineage-commitment to a particular TF (or set of TFs). Last but not least, because there was a large and diverse amount of data, we could not validate these TFs by western blotting. Proteomics study may be needed in the future.



CONCLUSION

These transcription factors, functional terms and predicted targeted genes identified in the current study can help shed light on the molecular mechanism underlying the lineage-commitment of rat bone mesenchymal stem cells. Changes in TF activity during the early stage may play pivotal roles in the regulation of subsequent later phases of mesenchymal differentiation. Hopx and other early responder TFs may control the osteogenic cell fate of BMSCs, while Gbx2 and other early responder TFs should be considered in mechanistic models that clarify cartilage-anabolic changes. The latter finding exhibits possibilities for efficiently inducing osteoblast and chondrocytes differentiation, as part of a bone anabolic strategy for osteoporosis and osteoarthritis. In-depth experiments are required to further clarify the effect of these transcription factors.
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Supplementary Figure 4 | GO including biological process, cellular components and molecular function analysis, and KEGG enrichment analysis of differentially expressed TFs at 3 h (A), 12 h (B), and 72 h (C) of chondrogenesis compared with undifferentiated cells (t = 0 h).

Supplementary Figure 5 | Protein-protein interaction (PPI) network analysis of differentially expressed TFs at 3 h (A), 12 h (B), and 72 h (C) of osteogenesis, and 3 h (D), 12 h (E), and 72 h (F) of chondrogenesis compared with undifferentiated cells (t = 0 h). Red indicates upregulated TFs, and green indicates the downregulated TFs.

Supplementary Figure 6 | The regulatory network between differentially expressed TFs and targeted differentially expressed genes at 12 and 72 h in osteogenesis (A,B), adipogenesis (C,D), and chondrogenesis (E,F) compared with undifferentiated cells (t = 0 h). Blue indicates TFs, and green indicates targeted genes.

Supplementary Figure 7 | The regulatory network between differentially expressed TFs and targeted differentially expressed genes between every two lineages at 3 h after inductive differentiation (t = 0 h). (A) comparison between osteogenesis and adipogenesis; (B) comparison between osteogenesis and chondrogenesis, and (C) comparison between chondrogenesis and adipogenesis. Blue indicates TFs, and green indicates targeted genes.


FOOTNOTES

1http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/

2http://www.geneontology.org/

3https://david.ncifcrf.gov/summary.jsp

4http://string-db.org


REFERENCES

Arthur, A., and Gronthos, S. (2020). Clinical application of bone marrow mesenchymal Stem/Stromal cells to repair skeletal tissue. Int. J. Mol. Sci. 21:21249759. doi: 10.3390/ijms21249759

Bruedigam, C., Driel, M., Koedam, M., Peppel, J., van der Eerden, B. C., Eijken, M., et al. (2011). Basic techniques in human mesenchymal stem cell cultures: Differentiation into osteogenic and adipogenic lineages, genetic perturbations, and phenotypic analyses. Curr. Protoc. Stem Cell Biol. 1:17. doi: 10.1002/9780470151808.sc01h03s17

Carballo, C. B., Nakagawa, Y., Sekiya, I., and Rodeo, S. A. (2017). Basic science of articular cartilage. Clin. Sports Med. 36, 413–425. doi: 10.1016/j.csm.2017.02.001

Chen, Q., Shou, P., Zheng, C., Jiang, M., Cao, G., Yang, Q., et al. (2016). Fate decision of mesenchymal stem cells: Adipocytes or osteoblasts? Cell Death Differ. 23, 1128–1139. doi: 10.1038/cdd.2015.168

Crapnell, K., Blaesius, R., Hastings, A., Lennon, D. P., Caplan, A. I., and Bruder, S. P. (2013). Growth, differentiation capacity, and function of mesenchymal stem cells expanded in serum-free medium developed via combinatorial screening. Exp. Cell Res. 319, 1409–1418. doi: 10.1016/j.yexcr.2013.04.004

Fang, F., Li, Z., Zhao, Q., Xiong, C., and Ni, K. (2020). Analysis of multi-lineage gene expression dynamics during primordial germ cell induction from human induced pluripotent stem cells. Stem Cell Res. Ther. 11:100. doi: 10.1186/s13287-020-01620-y

Gari, M., Alsehli, H., Gari, A., Abbas, M., Alkaff, M., Abuzinadah, M., et al. (2016). Derivation and differentiation of bone marrow mesenchymal stem cells from osteoarthritis patients. Tissue Eng. Regen. Med. 13, 732–739. doi: 10.1007/s13770-016-0013-2

Hemming, S., Cakouros, D., Vandyke, K., Davis, M. J., Zannettino, A. C., and Gronthos, S. (2016). Identification of novel EZH2 targets regulating osteogenic differentiation in mesenchymal stem cells. Stem Cells Dev. 25, 909–921. doi: 10.1089/scd.2015.0384

Hng, C. H., Camp, E., Anderson, P., Breen, J., Zannettino, A., and Gronthos, S. (2020). HOPX regulates bone marrow-derived mesenchymal stromal cell fate determination via suppression of adipogenic gene pathways. Sci. Rep. 10:11345. doi: 10.1038/s41598-020-68261-2

Hu, L., Yin, C., Zhao, F., Ali, A., Ma, J., and Qian, A. (2018). Mesenchymal stem cells: Cell fate decision to osteoblast or adipocyte and application in osteoporosis treatment. Int. J. Mol. Sci. 19:360. doi: 10.3390/ijms19020360

Huynh, N., Zhang, B., and Guilak, F. (2019). High-depth transcriptomic profiling reveals the temporal gene signature of human mesenchymal stem cells during chondrogenesis. FASEB J. 33, 358–372. doi: 10.1096/fj.201800534R

Jiang, Y., Zhang, P., Zhang, X., Lv, L., and Zhou, Y. (2021). Advances in mesenchymal stem cell transplantation for the treatment of osteoporosis. Cell Prolif. 54:e12956. doi: 10.1111/cpr.12956

Kanda, A., Hirose, I., Noda, K., Murata, M., and Ishida, S. (2020). Glucocorticoid-transactivated TSC22D3 attenuates hypoxia- and diabetes-induced Muller glial galectin-1 expression via HIF-1alpha destabilization. J. Cell. Mol. Med. 24, 4589–4599. doi: 10.1111/jcmm.15116

Lefebvre, V., Angelozzi, M., and Haseeb, A. (2019). SOX9 in cartilage development and disease. Curr. Opin. Cell Biol. 61, 39–47. doi: 10.1016/j.ceb.2019.07.008

Li, J., Ezzelarab, M. B., and Cooper, D. K. (2012). Do mesenchymal stem cells function across species barriers? Relevance for xenotransplantation. Xenotransplantation. 19, 273–285. doi: 10.1111/xen.12000

Liu, C. F., and Lefebvre, V. (2015). The transcription factors SOX9 and SOX5/SOX6 cooperate genome-wide through super-enhancers to drive chondrogenesis. Nucleic Acids Res. 43, 8183–8203. doi: 10.1093/nar/gkv688

Liu, F., Dong, J., Zhou, D., and Zhang, Q. (2021). Identification of key candidate genes related to inflammatory osteolysis associated with vitamin E-Blended UHMWPE debris of orthopedic implants by integrated bioinformatics analysis and experimental confirmation. J. Inflamm. Res. 14, 3537–3554. doi: 10.2147/JIR.S320839

Merrett, J. E., Bo, T., Psaltis, P. J., and Proud, C. G. (2020). Identification of DNA response elements regulating expression of CCAAT/enhancer-binding protein (C/EBP) beta and delta and MAP kinase-interacting kinases during early adipogenesis. Adipocyte 9, 427–442. doi: 10.1080/21623945.2020.1796361

Ng, F., Boucher, S., Koh, S., Sastry, K. S., Chase, L., Lakshmipathy, U., et al. (2008). PDGF, TGF-beta, and FGF signaling is important for differentiation and growth of mesenchymal stem cells (MSCs): Transcriptional profiling can identify markers and signaling pathways important in differentiation of MSCs into adipogenic, chondrogenic, and osteogenic lineages. Blood 112, 295–307. doi: 10.1182/blood-2007-07-103697

O’Connor, K. C. (2019). Molecular profiles of Cell-to-Cell variation in the regenerative potential of mesenchymal stromal cells. Stem. Cells Int. 2019:5924878. doi: 10.1155/2019/5924878

Piek, E., Sleumer, L. S., van Someren, E. P., Heuver, L., de Haan, J. R., de Grijs, I., et al. (2010). Osteo-transcriptomics of human mesenchymal stem cells: Accelerated gene expression and osteoblast differentiation induced by vitamin D reveals c-MYC as an enhancer of BMP2-induced osteogenesis. Bone 46, 613–627. doi: 10.1016/j.bone.2009.10.024

Pittenger, M. F., Discher, D. E., Peault, B. M., Phinney, D. G., Hare, J. M., and Caplan, A. I. (2019). Mesenchymal stem cell perspective: Cell biology to clinical progress. NPJ Regen. Med. 4:22. doi: 10.1038/s41536-019-0083-6

Robert, A. W., Marcon, B. H., Dallagiovanna, B., and Shigunov, P. (2020). Adipogenesis, osteogenesis, and chondrogenesis of human mesenchymal Stem/Stromal cells: A comparative transcriptome approach. Front. Cell Dev. Biol. 8:561. doi: 10.3389/fcell.2020.00561

Russo, V., Yu, C., Belliveau, P., Hamilton, A., and Flynn, L. E. (2014). Comparison of human adipose-derived stem cells isolated from subcutaneous, omental, and intrathoracic adipose tissue depots for regenerative applications. Stem Cells Transl. Med. 3, 206–217. doi: 10.5966/sctm.2013-0125

Saeedi, M., Nezhad, M. S., Mehranfar, F., Golpour, M., Esakandari, M. A., Rashmeie, Z., et al. (2021). Biological aspects and clinical applications of mesenchymal stem cells: Key features you need to be aware of. Curr. Pharm. Biotechnol. 22, 200–215. doi: 10.2174/1389201021666200907121530

Saha, A. K., Contreras-Galindo, R., Niknafs, Y. S., Iyer, M., Qin, T., Padmanabhan, K., et al. (2020). The role of the histone H3 variant CENPA in prostate cancer. J. Biol. Chem. 295, 8537–8549. doi: 10.1074/jbc.RA119.010080

Trivedi, C. M., Zhu, W., Wang, Q., Jia, C., Kee, H. J., Li, L., et al. (2010). Hopx and Hdac2 interact to modulate Gata4 acetylation and embryonic cardiac myocyte proliferation. Dev. Cell 19, 450–459. doi: 10.1016/j.devcel.2010.08.012

van de Peppel, J., Strini, T., Tilburg, J., Westerhoff, H., van Wijnen, A. J., and van Leeuwen, J. P. (2017). Identification of three early phases of Cell-Fate determination during osteogenic and adipogenic differentiation by transcription factor dynamics. Stem Cell Rep. 8, 947–960. doi: 10.1016/j.stemcr.2017.02.018

Wang, M., Tang, L., Liu, D., Ying, Q. L., and Ye, S. (2017). The transcription factor Gbx2 induces expression of Kruppel-like factor 4 to maintain and induce naive pluripotency of embryonic stem cells. J. Biol. Chem. 292, 17121–17128. doi: 10.1074/jbc.M117.803254

Yianni, V., and Sharpe, P. T. (2020). Epigenetic mechanisms driving lineage commitment in mesenchymal stem cells. Bone 134:115309. doi: 10.1016/j.bone.2020.115309

Yu, B., and Wang, C. Y. (2016). Osteoporosis: The result of an ‘Aged’ bone microenvironment. Trends Mol. Med. 22, 641–644. doi: 10.1016/j.molmed.2016.06.002

Zhang, J., Guo, F., Wei, J., Xian, M., Tang, S., Zhao, Y., et al. (2017). An integrated approach to identify critical transcription factors in the protection against hydrogen peroxide-induced oxidative stress by Danhong injection. Free Radic. Biol. Med. 112, 480–493. doi: 10.1016/j.freeradbiomed.2017.07.002

Zhang, Q. Y., Li, Z. R., Gao, F. Q., and Sun, W. (2018). Pericollapse stage of osteonecrosis of the femoral head: A last chance for joint preservation. Chin. Med. J. 131, 2589–2598. doi: 10.4103/0366-6999.244111

Zhang, Y., Yang, L., Shi, J., Lu, Y., Chen, X., and Yang, Z. (2020). The oncogenic role of CENPA in hepatocellular carcinoma development: Evidence from bioinformatic analysis. Biomed. Res. Int. 2020:3040839. doi: 10.1155/2020/3040839

Zhou, L., Qiu, M., Yang, L., Yang, L., Zhang, Y., Mu, S., et al. (2020). MicroRNA-1-3p enhances osteoblast differentiation of MC3T3-E1 cells by interacting with hypoxia-inducible factor 1 alpha inhibitor (HIF1AN). Mech. Dev. 162:103613. doi: 10.1016/j.mod.2020.103613

Zhou, R., Guo, F., Xiang, C., Zhang, Y., Yang, H., and Zhang, J. (2021). Systematic Study of Crucial Transcription Factors of Coptidis rhizoma Alkaloids against Cerebral Ischemia-Reperfusion Injury. ACS Chem. Neurosci. 12, 2308–2319. doi: 10.1021/acschemneuro.0c00730


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhang, Dong, Zhang, Zhou and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-768316-g009.jpg
b

43‘N“
NizZ (N





OPS/images/fcell-09-768316-g008.jpg





OPS/images/fcell-09-768316-t001.jpg
Groups

0O8S3h, 12h, 72h; AD3h, 12h, 72h, CH3h, 12h, 72h

083h, 12h, 72h; AD3h, 12h, 72h, CH3h, 72h
0OS12h; AD3h, 12h, 72h; CH3h, 12h, 72h
0OS3h, 12h; AD3h, 12h, 72h, CH3h, 12h
OS72h; AD3h, 12h, 72h; CH12h, 72h
0OS3h, 12h; AD3h, 12h; CH3h, 72h
0S12h, 72h; AD3h, 72h; CH12h, 72h
O83h, 12h, 72h; AD3h; CH3h, 12h
0OS72h; AD12h, 72h; CH3h, 12h, 72h
AD3h, 12h, 72h; CH3h, 72h

AD3h, 12h, 72h; CH12h, 72h

0O83h, 12h; AD3h, 12h; CH3h

0O83h, 12h, 72h; AD3h, 72h

0O83h, 12h; AD3h; CH3h, 12h

0OS3h, 12h; AD3h; CH3h, 72h

0O83h, 12h, 72h; AD3h; CH72h

0O83h, 12h; AD12h, 72h; CH72h
0OS72h; AD72h; CH3h, 12h, 72h
0S12h, 72h; AD72h; CH3h, 72h

0O83h, 12h, 72h; AD72h; CH3h

0O83h, 12h; CH3h, 12h, 72h

0S12h, 72h; CH3h, 12h, 72h

0OS12h; AD3h, 12h, 72h

AD3h, 12h, 72h; OS72h

AD3h, 12h; CH3h; 0S12h

AD3h, 72h; CH3h; OS3h

ADSh, 72h; OS3h, 12h

AD3h; CH3h, 12h; OS3h

AD3h; CH3h, 72h; 0S12h

AD3h; CH3h; OS3h, 12h

AD3h; CH12h; OS3h, 72h

AD3h; O83h, 12h, 72h

AD12h, 72h; CH12h, 72h

AD12h; CH3h, 72h; 0S12h

AD72h; OS3h, 12h, 72h
CH3h, 12h, 72h; OS3h

Total

2

O U OO OO OO N YOO OO O N (OO OO OGO CI )

TFs

Tsc22d3,
Epast
Rab24, Cenpa
Sox9
1d3, 1d2
Snai2
Ahrr
KIf10
Meox2
Hic1
Irf5
Bhihe40
Cenpt, Foxm1
Kif4
Hbp1
Zfp467
DIx3
Ehf
Nfia, Scx
Pax8
Mafb
Tshz2
Tsc22d1
Hoxd9
Zfp536
Relb
KIf3
Zfp521
Hoxc6
Rfx3

Tbx6, Foxc2,
Mxd4

Zfp39

Tead3

Creb3I1

Hmgb2

Zfhx2
Runx3

Groups

CHBh, 12h, 72h;
OS72h

CH3h, 12h; OS3h, 12h
AD3h, 12h; CH12h
AD3h; CH3h; OS3h
AD3h; OS3h, 12h
AD12h; CH72h; 0S12h
AD72h; CH72h; OS72h
CHBh, 12h, 72h
CH3h, 12h; OS3h
CH3h, 12h; 0S12h
CH3h; OS3h, 12h
CH12h; OS3h, 12h
CH12h; OS12h, 72h
0O83h, 12h, 72h

AD3h; CH3h

AD3h; CH72h

AD3h; OS3h

AD72h; CH12h
AD72h; OS72h
0OS12h; CH3h

AD3h, 12h

AD12h, 72h

CHBh, 12h

CH12h, 72h

0O83h, 12h

O83h, 72h

0OS12h, 72h

0OS3h

0OS12h

0OS72h

AD3h

AD12h

AD72h

CH3h

CH12h
CH72h

Total

BN = A5 DD R =k N = N = o S N = el ek L ol D) —E = ok NJ =% -

N

TFs

Plscr1

Atoh8

KIf5

Hmg20a

Phb, Emx2

Bhlhe41

Tfcp2i1

Gbx2

Sox11, AABR07001099.1
Tbx4

Hoxd13

Nme2

AABRO7015743.1

Hopx

Zfp668, Mef2a

Ets2

Foxf1

Nri1d1

Ascl2, Zfp503

Hey2

Zfp667, Nrdat

Arid3b

Zfp394, Jun

Gsc, Terft

Zfp773-psi, Kif16, Zfp367, Foxn1
Zfp296

Rix2, Hifta

Ybx3, Zbtb25, Hes6, Zfp879

Gtf3a, Hoxd3, LOC500584, Csdc2, Maf,
Zfp113, Zfp174, LOC108349189, E2f2, Ropjl,
Pousf2, AABR07029613.1

Tmf1, Msx2, Tcf23, Rfx8, Pparg

Pou6f1, Sp5, L3mbitl1, Lhx9, Zbtb38, Hoxd10,
Pax4, Arid2, Zfp317, Zeb1, Tulp1, Zfp541,
Pou2f3, Foxc1, Zbtb12

Atf4

RGD1560108, Hix, Foxo3, Osr1,
LOC100362054

Preb, Csrnp3, Mafa, Left, Stat6, Prdm16,
Zfp395

Lrrfip2, Zfp62, Tfam, AABRO7060287.1
Smarcat, Myrfl, Mixip, DIx5, Rarb, Heyl, Foxd2,
Gli1

OS, osteogenic differentiation; CH, chondrogenic differentiation AD, adipogenic differentiation; TF, transcription factor.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dynamics of Transcription Factors in Three Early Phases of Osteogenic, Adipogenic, and Chondrogenic Differentiation Determining the Fate of Bone Marrow Mesenchymal Stem Cells in Rats



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Isolation and Induced Differentiation



		Protein Concentration Assay and Bone Marrow Mesenchymal Stem Cells Staining



		RNA Isolation



		High-Throughput Sequencing



		Sequencing Result Analysis



		Statistical Analysis







		RESULTS



		Differentiation of Rat Bone Marrow Mesenchymal Stem Cells Into Osteoblasts, Adipocytes, and Chondrocytes



		Identification of Differentially Expressed Transcription Factors in Three Phases



		Identification of Specific Differentially Expressed Transcription Factors in Three Phases



		Comparison of Differentially Expressed Transcription Factors Between Different Lineages



		Functional Enrichment Analysis of Differentially Expressed Transcription Factors



		Protein Interaction Network Construction of Differentially Expressed Transcription Factors



		Construction of Differentially Expressed Transcription Factors and Differentially Expressed Genes Regulatory Network







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















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








OPS/images/fcell-09-768316-g010.jpg
7%

"//;\.!!%/ ‘
Nl i

'

&

A

g L
\ e 1 Hem
| : NI
ZS<i\
) : \
{ T -
N e
" X
N .\\‘}\\“E%\ o
. . 7
X 1 ' Y e
/| E
e Shebp1 .
3 st








OPS/images/fcell-09-768316-g003.jpg
Volcano Volcano Volcano
8 N 8 0 ®
1 |
1 |
s | o s
_ 8 | 8 ' _ 8
s ! s ' s
a | £ [ e
8 9 1 g 9 | g 84
5 5 5
3 ! £ ' £
o ! T | 2
& 1 & ! & 1
| |
o
t T T ° - f 1 T T
6 6 =8 -4 2 4 6
F
Type 2 Type [ [ 1 ) Type 2 Type
15 .Control .Contrcl Toc22d1 .Comrol
| 083h | 0s_t2h B s _|08_72h
1 1 1
05
0 0
-05
- -1 -1
-15
o -2






OPS/images/fcell-09-768316-g002.jpg
w UZI SAYTL HO z Yzl SA YL HO
o B WinuLso . % 421 SAYZL SO
=2 wissyzay 2 9 UZI A YL AV
4 SA YT HO g SAUZTHD
Ug SA LT SO UESA YL SO
Ue SA L Qv Ug SAYEL Qv
40 SA U HO 40 SA U HO
40 SA 1€ SO 40 SA 1€ SO
40 SA U AV 40 SA U ay
288§k ¢egwr-"° 8 & o= g w °
o
m_ = - -
= 5 = & &
S8 88588 ER
o I | | m H_ H_ H_ S_ S_ n__.u_
=
3 2225353506080
mw L L ] L ] L L ] L] L L] L ] L
L
“ ® 3
s %
—_—
%, . _U%
=r
¢ 0
.‘ L B
-
o §
@ ¥
- L ]
T T T T
< o o o~
S = S =
(%22 21) 20d





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





OPS/images/fcell-09-768316-g001.jpg
Protein(ng/cm2)

ALP(ng/ml)

250+ Adipogenesis
Bl Osteogenesis
200 Chondrogenesis
150
100
50

0d 1d 3d 5d 7d 14d 21d
Time point

Adipogenesis
B Osteogenesis

Em Chondrogenesis
0.2

0d 1d 3d 5d 7d 14d 21d
Time point





OPS/images/fcell-09-768316-g011.jpg





OPS/images/fcell-09-768316-g007.jpg
Biological Process ~ Gene counts. B Biological Process ~ -logo(Pvalue) (o3 Biological Process
. |
FESr— ® b F—— ° . ——— )
s Gene counts
Tanscrptonom RNA plmaras Hpomae | ° o Trsctotonsum A poymerase oo | Y : Trasctotonsum A poymerase oo | ° e
Regultoncanscrton D tmpltg- ° [ 3 Reguiton aanscrton, Dot Y 3 Regutton anscpton, Dk tmptt o o
Regutton o ansciton Fom RNApoaase N pomcer | ° ®: Rocutston f ansciton Hom RNApohmaase i pomcer | Y z Rocuiston f ansciton Hom RNApomaase § prcer || @) @
.
[ T————— : Postve requaton cvanscrton, Dot ) T Posie requaton avanscipton, Dot ®
B ~tog.u(Pvalue)
Posits ruaton o anscrpton fom RA poymrase i pomolr | ° Posie reuiaion o anscrpionrom RNA poymerssepromoter | @ | o Posite reuiaon o anscrptonrom RNA poymerssepromoter | i umatel
s
Negatis reuiaton ofanscrton, Ntempists Positve regushon of gens exeession * et reguaton ofranscrpton, DNk empiatec-
T - woes| @ DS T—— s: — - n ° o
Negatve reguiation o ranscripton rom RNA poymerase l promoter{ q 8 Negave reguiation o anscrpton, ONAtempiated | @ o Hegathe reguiaon ofranscripton rom RIA poymerase i promoter{ [ )
Grcadian i {8 0 "Negatie reguiaton of ranscription rom RA polymerase i promoter | de0: Negatue reguiaton of gene expression 18 5
conatuenton 9 h Nesaive et ot pttcrocess o Nesabe et fsppincrocess| @
L T Eurm @w )
Gene Ratio - Gene Ratio Gene Ratio
Cellular Components Cellular Components Biological Process.
‘Gene counts -logio(Pvalue) Erap— ®
[ Gene counts
SSE— ® [ p— T : Tanscrpion om RiA pomerse pomoer | ® P
® [T —— o o
.
® Reguiston tanscpton fom RIApomarase pomoter | @) =
@ 2
— ° s P Poste requaton aansciton, Dot ° o e
Posiergulton fancrpton o RN potmrasef ot |
—logua(Palue) Gene counts. 15
o: [TRRR—— -
®
. gatve s ofancoptonom R poymerase  romotr |
i Nuceartansergton facto complec | @ ® = ° o
wasopzsm| @
ks ° Negatie reguiation of gene expession 18
»
2 [e——— ]
y = ) ) y
"y ) @ L EPE )
Molecular Function Molecular Function Cellular Components
Transcrptonal achator acty RNA poymerase Tansagiat et sy BN somerse Transaription faco complex | Y
anscsaon feGuGta 1690n sequence-spechc omand | @ Gene counls sal ennancer sequence-speciconang | © ~logg(Pvalve) ~logyo(Pvalue)
Tanscripon! achtor ety RNABSmerse . . anscaptors skt ety A ppmarsse £ Protinonacomples | @
B e e e ® : s m,,,m,ugx,u,,,,._wwzm,z;:,,,,m 3
Transctontocor e seunce specc Ot snang | M oS ——————— Y . s o B
.
Tanscrpion faco ety Ripemerse . | . Ntz .
s sy sy .. PO o ®
Sequence specitc ONAtinaing | ® Seuence specic ONAtinaing | [ ] : L & il ¥
[rom——"
° ~logys(Pvalue) L] one -
counts — Gene courts
RNA poymerase I distal enhancer sequence-specific DNA binding | @ L] ° et a1 8 ®i
. . . 'y S ®
[OT—— . O binang ® o: Oapiasm L] @
[ ) 5 o g || @) ®: Sieate | B}
E3 £) 3
PR T ) EEE T ]
Gene Ratio Gene Ratio Senefia)
KEGG pathway KEGG pathway KEGG pathway
~log o(Pralve)
noaszte o cancer| @
1
Gene counts Gene counts
®: Mo0s213Endometrial cancer | @ 3
12
"
motszoa e caromogenssi |
-log,o(Pvalue) ~log,o(Praue) . °
JE——— Y RO 'Y
JR—| @ Serecoms
® 20
k025 vt
25
Mo05030.Cocaine addiction{ @ : i3B!
as
E—— ° :
“

H ‘ 7 I g
e mw e w1 e ew B e em
‘Gene Ratio Gene Ratio Gene Ratio





OPS/images/fcell-09-768316-g006.jpg
Biological Process

A —
[T —— ]
[ ——
Regulaton ofanscrption fom RiA poymersse i promater { @)

[N —— Y
Posti et vascrson R omarase ot | q

Negab rpuatonf ansofon N ol °
et st sciton tom A e oo | Y

Hean dovlopment

Creadan mom {0

L)

Cellular Components
Transcrpton tacor complex | L]
Nodeopiasm:- °

Nutear ranscrptonactorcompler
Nudear cheomatin{ @

e °
cromatn{ @
T T S E—T
Gene Rato
Molecular Function

Transcrptonatactiator sty RNApotmerase
core promoter prowmal region sequence-speciic onang | @)

‘Transcripbon regulatory region DNA binding | @
A e | @

Seausnce-spectcOnasnang | (]

RiNApolmerase i eguitryreion sequence-specc N binging 1@

Proteinheterodmerizaton actly {8
et ionBincing- L ]

i @

ERE ]

KEGG pathway
mo04550:ignaing patwas euiatngphutpotencyofsem cts | 'Y
mo0043501Bp0 sgnaingsatar L]

53 530 55 saw
Gene Ratio

Transcrpton, DN templates
Tianscrotn fom A polmerase il promter |

Reguiaton ofFanscrton DNAtempitea

Reguiaton o anscripton fom RN pohmerase I promoter{
Positve reguaton fsanscrpton, N templated
Posiivereutston ofranscgton fom RNA paymerase | omote |

Posite reguaton of gane expessir

Negati reguiason o anscripion, DNAtemplatea
Negati reguiaton o anscrigon fom RI poymerasel promoter |

[pE—

Cellular Components

Biological Process

“Transacripbon actor complex- L]
s °
Jrp— .
c sttt oo ®
Nudlear speck| @
h = =

Molecular Function

E)
Gene Ratio

Transcptonat achtor schit, RNApolmerase
o OOl oMM 0N SSQUERCS-SPEGAE g

Transctoton regultory egon DA ining 18
Transcrpton tactorsinang | @

Transcton factr acht,saquence-specitc DNA g

Seauence-spectc Nk sinding °
L
o
[r—
et ion g
ok ®
ERECRE]
Gene Ratio
KEGG pathway

005202 Transcrptona misreguiaton i caner-
005200 Patas ncancer
Mo04850 Signaing pahwars egultng purpotencyof stem cls

~logro(Pvalve)
=

Icus
1550
Gene couts

® s

C Biological Process.
L —
Tanstohon fom A potmerase promcter| o)
[ —— °
Reguiston fanserpton tom R oymarsseomeer | @)

Positve reguiation o vanscription, ONAtempisted | @

Positve eguaton ofanscrton fom A polmerasel romte

JEOSS———
[P ————— °
[RA——

[pr—

EINENG)
Gene Ratio

Cellular Components
Transcnpton factorcomplex L]
R pohmerase i vanscrgionfacrcomplec | ®
Hudus:

Nuctearspock| @

Molecular Function

ot el i s 300 0
‘Transcripton reguistory region ONA binging | @
Tocmtronsn| @
FO——

‘Seauence-spectic ONA bnsing |

JEN——
[ o
[ °

Cromstintinang {@

EINE ]
Gene Ratio
KEGG pathway

mo0s216 Thrid cancer
mo0s211Rensi el caranoma
mo05200Patmwas ncncer

7 K 7

Gene Ratio

Gene counts
® 2
® s





OPS/images/fcell-09-768316-g005.jpg
OS 3h OS 12h

0OS 72h AD 72h





OPS/images/fcell-09-768316-g004.jpg
-log10(adj.P.Val)

80

60

40

20

Volcano

-log10(adj.P.Val)

2 Type

| AD_3n

-2

0s_3h

Volcano
8
1
1
1
s
©, 1
1
1
g |
1
1
= 1
1
1
Si T i
-4 0 2
logFC

21p30

B

Tiep2lt

Ruma
G2

2ipa79

—log10(adj.P.Val)

80

60

40

20

\olcano






