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Abstract

:

The origin of life and native tissue development are dependent on the heterogeneity of pluripotent stem cells. Bone marrow mesenchymal stem cells (BMMSCs) are located in a complicated niche with variable matrix stiffnesses, resulting in divergent stem cell fates. However, how stiffness drives stem cell fate remains unknown. For this study, we performed whole-gene transcriptomics and precise untargeted metabolomics sequencing to elucidate the complex interaction network of stem cell transcriptional and metabolic signals in extracellular matrices (ECMs) with different stiffnesses, and we propose a potential mechanism involved in stem cell fate decision. In a stiff (39~45 kPa) ECM, biosynthesis of aminoacyl-tRNA was up-regulated, and increased osteogenesis was also observed. In a soft (7~10 kPa) ECM, biosynthesis of unsaturated fatty acids and deposition of glycosaminoglycans were increased, accompanied by enhanced adipogenic/chondrogenic differentiation of BMMSCs. In addition, a panel of genes responding to the stiffness of the ECM were validated in vitro, mapping out the key signaling network that regulates stem cells’ fate decisions. This finding of “stiffness-dependent manipulation of stem cell fate” provides a novel molecular biological basis for development of potential therapeutic targets within tissue engineering, from both a cellular metabolic and a biomechanical perspective.
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1. Introduction


The heterogeneity of pluripotent stem cells is the basis of tissue development. Mesenchymal stem cells (MSCs) are located within a three-dimensional (3D) microenvironment that comprises multiple components [1,2]. It has been reported that the physical characteristics of the extracellular matrix (ECM) affect cellular behaviors by both regulating developmental processes and tissue homeostasis [3,4]. Stiffness is one of the most significant physical properties that cells can recognize [5], and in different tissues or microenvironments stiffness dynamically changes spatiotemporal gene expression.



Numerous studies have shown that stiffness plays a vital role in regulating stem cell fate [6], and mechanistic studies have identified that mechano-transduction pathways in cells can sense and translate stiffness signals into intracellular signaling pathways, which results in broad gene expression changes [7].



Under two-dimensional (2D) culture conditions, numerous recent studies have shown that ECM stiffness can induce MSCs to differentiate into nerve, cartilage, muscle, and bone. Engler et al. [8] first studied the regulation effects of ECM stiffness on MSCs at the 2D level. This study demonstrated that when MSCs were cultured in a matrix of between 0.1 and 1.0 kPa (simulating the stiffness of brain tissue), MSCs showed the branching morphology of nerve cells. When MSCs were cultured in a matrix of between 8 and 17 kPa (simulating muscle tissue stiffness), MSCs became spindle-like myoblasts. Finally, in a matrix cultured between 25 and 40 kPa (simulating bone-like stiffness), MSCs showed osteoblast-like morphology [8]. Further studies capturing varied transcriptional responses to different ECM stiffnesses in 2D models have reinforced these findings [9,10]. For example, it was found that the expression of osteogenesis-related markers was up-regulated in a stiffer ECM, and the expression of adipogenesis-related markers were down-regulated in a less rigid ECM [11]. Moreover, it was shown that MSCs could respond to ECM stiffness through NFκB-p65 activity in the stiffness-dependent pathway [7]. However, caution should be exercised as the behaviors of stem cells under 2D culture conditions are different than those within a natural 3D ECM due to complicated mechano-transduction and force generation effects within 3D contexts [12]. The effect of ECM stiffness upon the differentiation of MSCs under 3D culture is similar to the previous studies under 2D culture [10,13,14,15,16,17].



Pek et al. [13] applied liquefaction shear strength (τy) to gels with stiffnesses of 7, 25, 40, 75, and 100 Pa. They found that when the stiffness of the ECM was 7 Pa, the expression of neuro-marker ENO2 was up-regulated, while the myogenic marker molecule MYOD and the osteogenic marker molecule RUNX2 were up-regulated, respectively, in the medium stiffness matrix (τy = 25 Pa) and higher stiffness matrix (τy = 75 and 100 Pa). These findings indicate that stem cells can “feel” and interpret changes to a specific stiffness, leading to differentiations in marker expression. However, exactly how the mechanical cues of ECM stiffness are converted into intracellular biochemical signals to regulate a MSC’s fate still needs systematic and in-depth exploration. One study by Baek et al. [18] revealed that different mechanistic processes could lead to varied mechanosensitive lineage commitments in a 3D ECM compared with a 2D ECM. In addition, the unbiased RNA-seq showed that a stiff ECM could improve the expression of neuro-markers, including early growth response 1 (Egr1) and neural cell adhesion molecule 1 (Ncam1).



Mechanistic studies have identified that mechano-transduction pathways in cells can sense and translate stiffness signal into intracellular signaling pathways, which brings about broad gene expression changes [7]. Identification of how specific cues in the microenvironment control stem cell fate will provide potential strategies for tissue engineering [19]. Previously, there were some high-throughput studies on the regulation of stem cell fate according to ECM stiffness, but most of them were single high-throughput studies [7,8,9]. More recently, the influence of metabolic cues induced by ECM stiffness determining stem cell fate have been investigated [20,21]. For example, alterations in ECM stiffness affect glucose, lipid, and amino acid metabolism, thereby altering cell phenotype and regulation of cell fate [22]. Manipulation of stiffness on metabolism can be orchestrated using multiple pathways, including the Yes-associated protein and transcriptional co-activator with the PDZ-binding motif (YAP/TAZ) pathway, the thioredoxin-interacting protein (TXNIP) pathway, the Ras homolog family and Rho-associated coiled coil containing protein serine/threonine kinase (Rho/ROCK) pathways, the integrin-focal adhesion kinase- phosphatidylinositol 3-kinase-protein kinase B (integrin-FAK-PI3K-Akt) pathway, and the AMP-activated protein kinase (AMPK) pathway [23]. However, most studies of metabolic changes responding to ECM stiffness focused only on the phenomenon, and very few metabolites and precise metabolic pathways have been elucidated [23,24].



An interesting study revealed that under soft 2D ECM conditions, the metabolites of glycolysis and the tricarboxylic acid cycle were systematically down-regulated [25]. However, metabolomic sequencing only displayed the metabolic profiles of metabolites responding to 2D stiffness and did not provide evidence of stem cell fate decision and differentially expressed pathways. The lack of a systematic multi-omics analysis of metabolic processes influenced by 2D or 3D ECM stiffness hinders the in vivo implications for stiffness in regulation of stem cell fate.



Biological processes during the regulation of stem cell fate are complicated, and it is difficult to comprehensively understand the regulatory mechanism of this intricated physiological process from single-cell omics [7]. In this study, we systematically investigated the gene and metabolic profiles, as well as the stem cell fates, in ECMs with different stiffnesses. Transcriptomic and metabolomic results were analyzed in combination. Key genes, metabolites, and metabolic pathways were filtered to comprehensively explain the regulation of stem cell fate (Figure 1). Furthermore, we conducted in vitro and in vivo experiments in a 3D ECM to verify the vital genes and pathways within the stem cell fate decision process that directly respond to stiffness changes. Overall, we provide new ideas for understanding the regulation effect of ECM stiffness in altering stem cell fate from the metabolic viewpoint.




2. Results and Discussion


2.1. Characterization of GelMA Stiffness


GelMA hydrogels have excellent biocompatibility and provide a good 3D structure for cell proliferation and differentiation (Figure S1A,B). Stiffness of the hydrogels was adjusted by changing the matrix formulation. Three hydrogels were prepared: GM30, GM60, and GM90, with GM30 being the least stiff and GM90 the most stiff. The compression modulus of the soft group (GM30) was determined to be 9.19 ± 1.68 kPa, the medium group (GM60) was 25.46 ± 4.96 kPa, and the stiff group (GM90) was 42.16 ± 3.29 kPa (Figure S1C,D). These hydrogels therefore provide a favorable platform for investigation of the effect of ECM stiffness on stem cell fate.




2.2. Overview of Transcriptome Analysis


RNA-seq based on next-generation sequencing technology was used to explore global gene expression changes in stem cell fate [7]. BMMSCs were cultured in vitro using GelMA scaffolds with three different stiffnesses (GM30, GM60, and GM90), and after 7 days RNA-seq was performed. The results showed that a large number of genes were up- or down-regulated between each group, with stiffness having an impact. Differences between expressed genes (DEGs) were interrogated using volcano plots (Figure 2A–C). As a result, 977 DEGs were obtained between the soft and stiff groups, 764 DEGs between the soft and medium groups, and 594 DEGs between the medium and stiff groups. There were also similarities found between the three biological replicates of BMMSCs with different stiffnesses cultured in the ECM. All three replicates were further analyzed to prove that the sequencing results were consistent.



The results showed that with the change of stiffness, cells in 3D culture presented different trends, with osteogenic, adipogenic, and chondrogenic differentiation observed. In general, elevation of ECM stiffness enhanced the osteogenic ability of BMMSCs, while the chondrogenic and adipogenic differentiation of BMMSCs was diminished. Specifically, there was an increase in DEGs observed relating to osteogenesis (Figure 2D) such as those with bone morphogenetic protein 6 (BMP6), Wnt family member 10B (WNT10B), TGFB2, twist family basic helix–loop–helix transcription factor 1 (TWIST1), insulin-like growth factor 1 (IGF1), and transforming growth factor beta receptor 3-like (TGFBR3L). Conversely, notch receptor 1 (NOTCH1) and Wnt family member 5B (WNT5B) exhibited the opposite trend. Recently, high stiffness has been found to activate the Wnt signaling pathway, which regulates osteogenesis through mechano-transduction [26]. However, the functions of the Wnt family were varied [27]. An in vivo study revealed that the bone mineral density (BMD) of mice was reduced with high-throughput knockdown of Wnt10b, but the BMD of mice increased in knockdown of Wnt5b [28].



Conversely, when the stiffness of the matrix was low, expression of chondrogenic-related genes (Figure 2E) including WNT5B, myocyte enhancer factor 2C (MEF2C), COL2A1, and matrix metallopeptidase 9 (MMP9) were also increased, but the gene expression of BMP6 and early growth response 1 (EGR1) decreased. The latest study has shown that with different ECM stiffnesses, BMP family members exhibit different biological activities, which in turn have an impact on skeletal progenitor cell adhesion and differentiation [29]. BMP6 expression improved bone formation and inhibited osteoclast differentiation in osteoporotic rats, therefore uncoupling from bone remodeling. Compared with BMMSCs, adipose-tissue-derived stem cells (ASCs) showed an increased chondrogenic potential, especially with BMP-6 treatment [30]. Moreover, BMP6 can modulate glucose and iron metabolism, which suggests that it plays an important role in metabolic regulation [31,32]. Finally, Palomares et al. [33] found that a mechanical bending motion enhanced the expression of genes related to chondrogenesis, such as COL2A1, and repressed expression of genes related to osteogenesis, such as BMP6. It can therefore be inferred that both BMP and collagen family members are key factors in the selective regulation of bone formation and cartilage formation via mechanical signaling.



Genes relating to adipogenesis showed differences responding to different stiffnesses (Figure 2F). Interestingly, fatty acid desaturase 2 (FADS2), SH2B adaptor protein 3 (SH2B3), the lymphocyte adaptor protein (LNK1), and WNT5B were extensively expressed in the soft ECM samples, whereas WNT10B and IGF1 displayed the opposite trend. FADS2 is a key fatty acid desaturase involved in regulating cellular lipid metabolic activities [34]; SH2B3 is also known as the lymphocyte adaptor protein (LNK1), with the SH2B family responsible for regulation of the insulin/IGF-1-receptor-related pathway for adipogenesis both in vivo and in vitro [35,36]; and IGF1 is an autocrine factor that promotes cell-to-cell communication and cell division. It also participates in the negative regulation of adipogenesis [37,38]. As discussed above, WNT5B plays a negative role in osteogenesis [39], and a positive role in chondrogenesis and adipogenesis. WNT5B also regulates adipogenic differentiation by increasing the level of adipogenesis-related markers and promotes adipogenesis by inhibiting nuclear translocation of β-catenin and repressing typical WNT target genes, such as IGF-1 [40,41]. Our results indicated a similar trend; in a soft ECM the expression of WNT5B increased, while IGF1 decreased, thus leading to enhancement of adipogenesis.




2.3. GO and KEGG Pathway Analysis of DEGs


Although RNA-seq showed that gene expression changed with stiffness, the biological functions and relationships between DEGs remains unclear. GO enrichment analysis was carried out to assess the function of DEGs in stem cells cultured in ECMs with different stiffnesses. The results showed that compared with soft group, inflammatory response, cell–cell signaling, cellular response to hypoxia, positive regulation of gene expression, positive regulation of ossification, modulation of cell proliferation, extracellular space, and extracellular matrix protein binding were all up-regulated in the stiff group (Figure S2). Meanwhile, fat cell differentiation, BMP signaling pathways, protein binding, and signal transduction were down-regulated (Figure 2G). GO enrichment comparisons between the stiff and medium groups and the medium and soft groups showed similar results (Figures S3A,B and S4A,B). Compared with the soft group, regulation of cell proliferation, osteoblast differentiation, and cell growth via extracellular and glucose metabolic processes were enhanced in the medium group, but the steroid biosynthetic process and fat cell differentiation were diminished. Regulation of actin cytoskeleton organization was enhanced in the medium group, and regulation of cartilage development, bone resorption, chondrocyte differentiation, and fat cell differentiation were reduced.



KEGG pathway enrichment analysis was conducted to explore signaling pathways that influence the DEGs between ECMs with different stiffnesses. Compared with the soft group, the TNF signaling pathway, cytokine–cytokine receptor interaction, osteoclast differentiation, the NF-κB signaling pathway, the FoxO signaling pathway, the Hippo signaling pathway, the chemokine signaling pathway, and ECM-receptor interactions were all up-regulated in the stiff group (Figure 2H). Meanwhile, mannose-type O-glycan biosynthesis, tryptophan metabolism, the TGF-β signaling pathway, the calcium signaling pathway, the Wnt signaling pathway, and lipoic acid metabolism were all down-regulated in the stiff group (Figure 2I). In the medium group, the FoxO, HIF-1, and TGF-β signaling pathways all revealed up-regulation when compared to the stiff group, while lipoic acid metabolism and steroid hormone biosynthesis were down-regulated. (Figure S3C,D). In addition, compared to the soft group, expression of TNF and Rap1 were enhanced, but the pathways for calcium signaling, Wnt signaling, and cAMP signaling showed a decrease in expression (Figure S4C,D).



The Hippo signaling pathway is a key process in mechanobiology and plays a significant role in bone homeostasis [42]. YAP and TAZ are the main downstream regulators of the Hippo signaling pathway [43], with YAP/TAZ being an important central effector of mechanosensory pathways within MSCs that can translate mechanical signals into biochemical signals [44]. Knockout of Yap enhances osteogenesis and inhibits adipogenesis via the β-catenin signaling pathway, which is evidence that YAP is important for the Wnt/β-catenin signaling pathway [45]. The results of both GO and KEGG pathway analysis demonstrated that increased ECM stiffness is transmitted to downstream signaling pathways through activation of mechano-transduction pathways, thus promoting osteogenic differentiation while inhibiting adipogenesis.




2.4. Overview of Metabolomics Analysis


Metabolomics analysis, using high-performance liquid chromatography in tandem with mass spectrometry (HPLC–MS), detected 21 classes of metabolite including amino acids, carbohydrates, and purine nucleotides [46]. Compared with the soft group, 31 kinds of metabolites increased in the medium group (Figure 3A), and 45 were enhanced in the stiff group (Figure 3B). In addition, when compared with the medium group, six types of metabolites were up-regulated, but four were reduced in the stiff group (Figure 3C). A global clustering heatmap showed metabolites that were significantly changed in BMMSCs cultured in an ECM when stiffness was taken into account (Figure 3D). The possible reason for these differences may be that increased ECM stiffness leads to enhanced cellular biological activity, which needs more energy to maintain intracellular homeostasis and thus changes the cell metabolism [47,48]. However, the prospective mechanism of this phenomenon remains to be further investigated.



Significantly different metabolites were plotted based on the sequencing results, which were demonstrated via the fold change of the top metabolites and p values (Figure 3E–G). When compared with the soft group, up-regulated top metabolites in the medium group included ketoleucine, succinic acid, fumaric acid, 2-ketobutyric acid, CPA (18:2(9-Z,12-Z)/0:0), L-malic acid, 2-hydroxy-3-(sulfoxy) benzoic acid, 5-hydroxy-L-tryptophan, and L-glutamine. On the other hand, the presence of thymidine was reduced when the medium and soft groups were compared (Figure 3E).



In the stiff group, the results revealed that up-regulated top metabolites included L-glutamic acid, N-acetyl-L-aspartic acid, UDP-glucose, oxidized glutathione, O-phosphoethanolamine, 5-methylcytidine, taurine, and sedoheptulose 1-phosphate. Both pyruvate and uridine were down-regulated in the stiff group when compared to the medium group (Figure 3F). Comparison of the stiff group with the soft group revealed that gluconic acid, citric acid, guanosine diphosphate mannose, pantothenic acid, oxoglutaric acid, gamma-glutamyl leucine, L-isoleucine, L-lleucine, L-phenylalanine, and L-valine were all up-regulated top metabolites (Figure 3G). Our results indicated that most of these metabolites were related to glucose metabolism (Figure 3E–G). This aligns with other investigations, where it has been reported that a high stiffness of ECM-promoted cell proliferation and osteogenesis of MSCs were both observed due to enhanced ATP levels and AMPK activation [22], as well as increased glycolysis [5,49], mitochondrial production [50], and processes up-regulating the uptake and utilization of glucose.



ECM stiffness is associated with glutamine catabolism through direct activation of glutaminase transcription mediated by the YAP-TEAD pathway [51,52]. Glutamine is the precursor for the synthesis of proteins, nucleic acids, and many other biomolecules, and the metabolites of glutamine can be involved in the tricarboxylic acid (TCA) cycle. ECM stiffening activates glycolysis and glutamine metabolism, thereby coordinating the cycling of non-essential amino acids in the cellular microenvironment [52]. A recent study found that ECM stiffening reprogrammed glutamine metabolism in breast cancer cells, which promoted microtubule glutamylation and forced microtubule stabilization, thereby facilitating cell invasion [53]. Glutamine-derived α-ketoglutarate was found to support amino acid biosynthesis and proliferation in skeletal stem cells, whereas inhibition of glutamine metabolism resulted in reduced bone mass and increased bone marrow adiposity in mice [54].



ECM stiffness also regulates amino acid transport through regulation of the YAP/TAZ pathway [52]. Bone remodeling is an energy-consuming process, and amino acids are an alternative source of energy [55,56]. In our study, expression of the branched amino acids L-isoleucine, L-leucine, and L-valine were elevated in the stiff ECMs, which is shown in Figure 3G. In conclusion, analysis of metabolites suggests that the metabolites themselves play an important role in regulation of stem cell differentiation in ECMs with different stiffnesses.




2.5. Metabolite Set Enrichment Analysis and Metabolic Pathway Analysis


Metabolite set enrichment analysis (MSEA) has gained growing interest for identification of metabolic pathways in metabolomics [57]. Comparison between the medium group and soft group showed that the key differential metabolites included those from thyroid hormone synthesis, the citric acid cycle, purine metabolism, and the mitochondrial electron transport chain, among others (Figure 4A). Meanwhile, the fold changes reached 4.88, 1.46, 1.22, and 1.63, respectively. The 18 metabolites (p < 0.05) used for metabolic pathway analysis presented significant differences, particularly for those generated during pyruvate metabolism. Comparing the stiff group with the medium group, the metabolites arising from glycine and serine metabolism, porphyrin metabolism, and methionine metabolism were significantly different (Figure 4B). Comparison of MSEA between the stiff and soft groups displayed that both spermidine and spermine biosynthesis and glycine and serine metabolites were the most significant. The spermidine and spermine biosynthesis, arginine and proline metabolism, and aminoacyl-tRNA biosynthesis pathways all demonstrated correlation with ECM stiffness, with a p value less than 0.05, indicating statistical significance (Figure 4C).



It has been reported that inhibition of spermidine synthase in MSCs leads to diminished bone formation in vitro, which can be verified by decreased mineralization and bone sialoprotein expression [58]. Spermidine synthase-deficient MSCs showed high levels of mitochondrial fusion, deterioration of mitochondrial function, reduced glucose consumption, and increased lactate secretion. Gene information is translated into functional proteins via effective transcription and translation [59]. For this to occur, mechanical signals are propagated in the nucleus for regulation of the state of chromatin and transcription, where the synthesis of aminoacyl-tRNA plays a critical role [48]. In a recent combined proteomic and metabolomic analysis relating to osteogenic differentiation of dental pulp stem cells, a four-fold increase in protein levels of aminoacyl-tRNA synthetase was found [60]. Consistently, our data suggest that osteogenic differentiation was enhanced in stiff ECMs and that aminoacyl-tRNA synthesis was increased, which indicates that aminoacyl-tRNA may be related to induced osteogenesis in stiff ECMs.



Current studies suggest that both cytoskeletal and mechanical factors commonly affect the structure and function of mitochondrial networks [61]. However, studies have not deeply investigated the underlying mechanism for how stiffness affects cell differentiation by influencing mitochondrial function. ATP, as the primary energy source for supporting almost all cellular activities, is derived from the electron transport chain [62]. Mitochondrial dysfunction would impair osteogenesis and accelerate age-related bone loss [63]. Li et al. showed that, in particular, the mitochondrial membrane potential, NAD+/NADH ratio, and ATP production of BMMSCs in aged mice were lower than those in young mice [64]. During our MSEA studies, it was shown that the mitochondrial electron transport chain, which is up-regulated with increased stiffness, promotes ATP production and thus provides more energy for cell differentiation (Figure 4A–C). In summary, we observed that metabolic pathways were greatly altered in ECMs with different stiffnesses, with the possible reason being different demands for cell differentiation.




2.6. Comprehensive Analysis of Metabolomics and Transcriptomics


In order to identify the functional enrichment of different ECM stiffnesses, gene set enrichment analysis (GSEA) was performed. The KEGG enrichment term showed that the stiffness of the ECM was mainly associated with biosynthesis-related activities. In a soft ECM, incidences of the glycosaminoglycan biosynthesis of heparan sulfate and the biosynthesis of unsaturated fatty acid increased (Figure 4D,E); these are both important processes for chondrogenic differentiation and adipogenic differentiation of cells, respectively. Glycosaminoglycan has a wide range of effects upon cancer initiation and progression, including regulating cellular metabolism, acting as a sensor for mechanical properties of ECMs, and playing part in therapeutic resistance [65,66]. A possible reason for this may be that glycosaminoglycan could serve as a molecular bridge between the ECM and cells, in a cell-specific and context-specific manner.



Finally, it was noted that the identity of any terpenoid metabolite was altered as the stiffness changed (Figure 4F). Terpenoids are a family of natural products that have attracted wide attention because of their various biological activities. They are associated with the biosynthesis of cholesterol in microglia, which are involved in lipid metabolism [67]. It has been found that terpenoids play a role in the treatment of osteoporosis by promoting bone deposition and inhibiting bone resorption [68], but the specific mechanism of action needs further investigation.




2.7. Validation In Vitro and In Vivo


To verify the role of different ECM stiffnesses on stem cell fate, ALP staining, Alcian blue staining, and Oil Red O staining were all performed to test osteogenic, chondrogenic, and adipogenic differentiation of BMMSCs in soft, medium, and stiff ECMs (Figure 5A). After 7 days of cell 3D culture in proliferation medium (PM) and osteogenic medium (OM), ALP staining and activity indicated that, with the elevation of ECM stiffness, osteogenic differentiation was enhanced (Figure 5B). However, after 14 days, Alcian blue staining suggested that chondrogenic differentiation of MSCs was the highest in the soft group, followed by the medium group and then the stiff group. After being cultured in PM and adipogenic medium (AM) for 21 days, Oil Red O staining was applied to verify the role of ECM stiffness upon adipogenic differentiation. The results showed that more fat droplets were formed in the soft group than in the medium group. In the stiff group, there was almost no fat droplet formation. The percentages of positive cells when stained with either Alcian blue or Oil Red O were calculated and were consistent with the result of staining (Figure 5C,D). Numerous studies have reported that a soft ECM leads to adipogenesis and chondrogenesis of MSCs, and a stiff ECM contributes to osteogenesis, which is in accordance with our results [69,70]. However, for chondrogenic differentiation the picture is more complex; it is not only stiffness that determines the tendency of chondrogenesis. A recent study adjusted the weight ratio of poly (ethylene glycol) diacrylate (PEGDA) and a concentration of GelMA, revealing that a combination of stiffness and adhesive properties could enhance chondrogenesis [71]. This suggests that other factors, such as adhesion combined with stiffness, will decide the terminal tendency of chondrogenic differentiation.



A series of representative genes were selected for validation with qRT-PCR in order to verify the sequencing results; genes included ALP, RUNX2, TGFβ2, COL2A1, COL11A1, PPARγ, C/EBPα, FADS2, PK, CS, LDHA, and PFKM (Figure 5E,F). Typically, the expression of ALP and RUNX2 was slightly elevated with an increase in stiffness, which means that the potential for osteogenic differentiation was enhanced (Figure 5E). Consistently, the YAP/TAZ pathway has recently been recognized as a major regulator of cellular sensing and mechano-signaling transduction, enhancing nuclear translocation with increased ECM stiffness. The YAP/TAZ pathway could interact with, and activate, multiple DNA-binding partners, such as RUNX2 in the nucleus, and thus regulate the osteogenic differentiation of stem cells [72,73].



Furthermore, studies have reported that the induction of TGF-β contributes to the progression of ECM stiffness [74,75,76], which indicates that TGF-β is highly correlated with ECM stiffness. In this study, it was shown that with the up-regulation of stiffness, expression of TGF-β was elevated (Figure 5E). TGF-β plays a significant role in stimulation of osteogenesis of MSCs [77]. Tgf-β1 knockout mice displayed reduction in bone growth and mineralization [78], while Tgf-β2 and Tgf-β3 double knockout mice had a deficiency of the distal rib [79]. Meanwhile, TGF-β signaling suppressed adipocyte maturation in MSCs [80]. In this study, we found that the up-regulation of TGF-β2 expression level was accompanied by enhanced osteogenic capacity and reduced adipogenic capacity of MSCs. In chondrocytes, regulation of the TGF-β-related pathway is complicated and dose-dependent, with a number of aspects still remaining unclear. A low dose of TGF-β mainly activates downstream pathways of pSMAD2/3, whereas high doses activate pSMAD1/5 signaling pathways [81,82]. Notably, the chondrocyte pSMAD2/3 and pSMAD1/5 pathways have been revealed to be antagonistic toward each other. For example, the TGF-β-dependent pSMAD2/3 pathway inhibits hypertrophy and terminal differentiation of chondrocytes [82,83,84,85,86], whereas TGFβ-dependent pSMAD1/5 signaling is correlated with chondrocyte hypertrophy [81,82].



In contrast, the expression of COL2A1 drastically decreased with increasing ECM stiffness (Figure 5E). The COL2A1 gene encodes a type II collagen precursor, which is a well-known chondrogenic marker and is essential for cartilage development [87]. COL2A1 is involved in the regulation process of periosteal osteogenesis and endochondral osteogenesis. Mutation of COL2A1 causes structural abnormalities of type II collagen, resulting in a variety of osteochondral dysplasia diseases [88]. However, correlation of COL2A1 with adipocyte differentiation is still relatively unexplored.



COL11A1 is an important ECM molecule regulating collagen fibrillar assembly, which plays a pivotal role in endochondral ossification [89]. Functional knockout of Col11a1 in mice resulted in defects in chondrogenesis, epiphyseal cartilage structure, and collagen fibers, suggesting COL11A1 plays a vital role in chondrogenic differentiation [90]. A recent study revealed that expression of Col11a1 in the growth plate and perichondrium is important for newly formed bone during endochondral ossification [90]. Deletion of the Col11a1 gene in developing bones of mice results in a thickened trabecular bone and reduces endosteal bone turnover [89]. In our study, we found that the expression of COL11A1 was down-regulated with an increase in ECM stiffness, which was consistent with the trend of chondrogenic differentiation. One possible reason for this is that the microenvironment is simple and could not completely simulate the complicated natural bone structure.



PPARγ and C/EBPα are crucial regulators of adipocyte differentiation. The higher expression of PPARγ and C/EBPα in the soft group compared with the medium and stiff groups suggests that a soft ECM is beneficial for adipogenic differentiation (Figure 5E). FADS2 is a fatty acid desaturase that is involved in the regulation of lipid metabolism, and Fads2 knockout mice were found to exhibit impaired lipid synthesis [91]. In this study, the highest expression of FADS2 was observed in the soft group with the highest adipogenic capacity. We also observed that with an increase in ECM stiffness, genes that encode the key enzymes of glycolysis and the TCA cycle, including PK, CS, LDHA, and PFKM, were gradually accumulated (Figure 5F). Fernie et al. [92] have shown that increased ECM stiffness promotes F-actin reorganization, leading to enhanced glycolysis.



Metabolites of glycolysis and TCA were down-regulated when cells were cultured on a soft ECM. Both PK and PFKM are glycolytic rate-limiting enzymes, which regulate the intracellular balance between energy and metabolism. A previous study showed that PFK is closely related to metabolic regulation in bone regeneration [93]. CS is a core enzyme of the TCA cycle, and it provides direct control of cellular function [94]. LDHA is an essential metabolic enzyme that catalyzes the process of converting pyruvate to lactate [95]. An in vivo study has found that the application of parathyroid hormone promotes bone regeneration, and it is accompanied by up-regulation of CS and LDHA levels in rats [96]. Another recent study showed that LDHA promotes osteoblast differentiation and the formation of mineralized nodules through histone lactylation [97]. According to the results, we could include the idea that ECM stiffness leads to metabolic reprogramming, which is also closely interrelated with the energy requirements of cell differentiation.



Finally, to investigate the function of 3D ECM stiffness during bone healing, an in vivo rat model was used to evaluate the degree of bone healing at eight weeks. MSCs were implanted with GM30/60/90 into the distal femur. After eight weeks, the femurs were scanned using micro-CT. The micro-CT images showed that the most bone-like tissue formed within rats implanted with the stiff group, while in soft group, the least bone formation was observed (Figure 6A). The new bone-like tissue was evaluated and quantified using BMD, bone volume/total volume (BV/TV), trabecular number (Tb. N), and trabecular separation (Tb. Sp) (Figure 6B–E).



However, there are still some limitations in this research. Multi-omics research includes not only metabolomics and transcriptomics, but also genomics, epigenomics, and proteomics. For example, when the ECM stiffness changes, the proteins secreted by stem cells will be different. Proteomics can visually, clearly, and comprehensively detect the changes in secreted proteins and intracellular proteins. Epigenomics can specifically reveal the regulation mechanisms of gene expression and epigenetic modifications. In addition, the single-cell RNA-sequence technique (scRNA-seq) has been increasingly developed [98]. In the future, we will employ more advanced techniques, such as the single-cell RNA-sequence technique, to detect the precise effect of ECM stiffness on stem cell fate, thus providing new ideas for bone tissue engineering strategies.





3. Materials and Methods


3.1. Physicochemical Properties of GelMA


Compression modulus: Gelatin Methacryloyl (GelMA, EFL, Suzhou, China) is a kind of bio-hydrogel material with photosensitive properties. GelMA was obtained from Yongqinquan Intelligent Equipment Co., Ltd., Suzhou, China. The substitution rate of Methacryloyl is a core parameter for GelMA, which changes the forming and mechanical properties of materials. In our study, GM30/60/90 solutions with diverse substitution patterns were used to imitate different stiffnesses of ECMs. GM30/60/90 were mixed with a photoinitiator in certain proportions (GM30, 6%; GM60, 6%; GM90, 8%) [93]. To test the mechanical properties of GelMA, hydrogels of 2 mm thickness and 8 mm diameter were prepared. The compression modulus was determined using an electronic universal testing machine (Z020, ZwickRoell, Ulm, Germany). At a strain rate of 5 mm/min, the compression modulus of GelMA was measured at the first 10% slope of the stress/strain curve [99,100].



Fourier transform infrared (FTIR) spectroscopy test: The prepared GM30/60/90 matrices were dried and ground evenly with potassium bromide powder. Attenuated total reflection using Fourier transform infrared (ATR-FTIR) was used to confirm the chemical structure using a Bruker VERTEX80v FTIR spectrometer [93].




3.2. Cell Culture


BMMSCs (purchased from ScienCell Research Laboratory, Carlsbad, CA, USA) were passage 3, and they were cultured in GelMA at three stiffnesses (GM30/60/90) to simulate different ECM stiffnesses that influence BMMSCs’ fates. Cells in GelMA were cultured in Minimum Essential Medium α (α-MEM, Gibco, Grand Island, NY, USA), with addition of 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 50 U/mL penicillin, and 50 μg/mL (Gibco, Grand Island, NY, USA) streptomycin in an incubator set at 37 °C, while maintaining 5% carbon dioxide. BMMSCs were blended with the GelMA solution with a final cell concentration of 2 × 106/mL at 37 °C prior to cross-linking. The mixtures of cells and GelMA were added to the well plates, and they were light cured using 405 nm ultraviolet light for 90 s to encapsulate BMMSCs into the GelMA [93]. Then, the PM was added to the well plates.




3.3. Sequencing and Data Analysis


The extracted total RNA was sent to Beijing Cnkingbio Biotechnology Co., Ltd. (Beijing, China) for RNA sequencing (RNA-seq) [101]. BMMSCs in GM30/60/90 were sent to Lipidall Technologies Company Limited (Changzhou, China) for metabolic analysis, using ultra-high performance liquid chromatography (UHPLC) and tandem quadrupole time-of-flight mass spectrometry (QTOF-ms) [102]. Data analysis was also performed by Lipidall Technologies Company Limited. Non-targeted metabolism was defined as the quantitative detection of all endogenous metabolites with molecular weights less than 1000 daltons.




3.4. ALP Staining and Quantification


BMMSCs combined with GM30/60/90 were cultured in 48-well plates. Alkaline phosphatase (ALP) staining was performed on the 7th day of osteogenesis induction [103], using a 5-bromo-4-chloro-3-inodlyl-phosphate/nitroblue tetrazolium (BCIP/NBT) chromogenic kit (Beyotime, Shanghai, China). Cells were fixed in 95% absolute ethyl alcohol overnight before staining, and results were observed and recorded using an optical microscope. To detect ALP activity, a bicinchoninic acid (BCA) protein assay kit (Pierce Thermo Scientific, Waltham, MA, USA) and a quantitative assay kit for ALP (Nanjing Jiancheng Bioengineering, Nanjing, China) were used.




3.5. Oil Red O Staining and Quantification


The Oil Red O staining test was used to determine adipogenic differentiation of BMMSCs cultured in GM30/60/90 in 48-well plates on the 21st day of adipogenic induction [104,105]. Cells were fixed in 10% formalin neutral fixative for 1 h, and they were subsequently thrice rinsed with phosphate-buffered saline (PBS) followed by isopropanol. After being stained in fresh 3% Oil Red O solution for 30 min, cells were photographed using an optical microscope, and the percentage of cells staining positive was quantified (ImageJ 2.0.0).




3.6. Alcian Blue Staining and Quantification


3D cultured BMMSCs were placed in GM30/60/90 in 48-well plates in the same way. Cells were cultured with chondrocyte induction medium for 14 days, after which time they were stained using an Alcian blue staining kit (Sigma, Saint Louis, MO, USA). Cells were fixed in 4% paraformaldehyde for 1 h, and they were washed with PBS. Alcian blue solution was applied to cells for 30 min at room temperature and then washed off using PBS [106,107]. Cells were observed and photographed using the optical microscope. The percentage of stained positive cells was calculated (ImageJ 2.0.0).




3.7. Live/Dead Cell Staining


Cells in GM30/60/90 were treated with a Live/Dead cell kit (YEASEN, Shanghai, China) and then imaged using a Leica TCS SP8 confocal microscope. The 3D images were reconstructed to determine their viability [93].




3.8. Immunostaining of Cell Culture


Cells were cultured in GM30/60/90 for 7 days, fixed for 15 min in 4% araformaldehyde, and then permeabilized for 10 min in 0.1% (v/v) Triton X-100 at 4 °C. After washing cells with PBS, solutions of 4′,6-diamidino-2-phenylindole (DAPI) and anti-F-actin antibody were added, with cells exposed for 30 min at room temperature. Images were obtained using a Leica TCS SP8 confocal microscope [98].




3.9. qRT-PCR Analysis


After both 7 and 14 days of culture, cells were retrieved from the GM30/60/90 cultures for a real-time quantitative PCR (qRT-PCR) test. Gene expression of RUNX family transcription factor 2 (RUNX2), alkaline phosphatase (ALP), transforming growth factor beta 2 (TGFβ2), collagen type II alpha 1 chain (COL2A1), collagen type XI alpha 1 chain (COL11A1), peroxisome proliferator activated receptor γ (PPARγ), CCAAT/enhancer binding protein α (C/EBPα), fatty acid desaturase 2 (FADS2), pyruvate kinase (PK), citrate synthase (CS), lactate dehydrogenase A (LDHA), and phosphofructokinase, muscle (PFKM) was determined. In brief, total RNA was reverse transcribed into cDNA using the PrimeScript RT kit (AG Scientific, Shanghai, China), and then the cDNA was used to perform qRT-PCR using SYBR Green Master Mix (YEASEN, China). GAPDH was regarded as the internal reference. The level of gene expression was measured using the 2−ΔΔCt formula [93,99,101]. The forward and reverse primers are listed in Table 1.




3.10. Animal Model


The animal surgical experiments were approved by the Institutional Animal Care and Use Committee of Peking University (Study Number: LA2022239). A model relating critical size defects in the distal femoral bone of rats was derived. Eight-week-old male Sprague Dawley (SD) rats were anesthetized using 1% pentobarbital sodium. A longitudinal incision was taken on the lateral side of the distal femur to reveal the lateral femoral condyle, and the bone cortex was penetrated with a 2 mm drill. GM30/60/90 embedded with BMMSCs were implanted into the defect sites, and nothing was implanted in the control group. Each group included three rats, for a total of 12 rats. After 8 weeks, femurs were harvested and fixed in 10% neutral buffered formalin for 24 h. Micro-CT images of new bone formation within the bone defects were observed using an Inveon instrument (Siemens, Munich, Germany), and the images were then reconstructed using 3D visualization software (Inveon Research Workplace; Siemens, Munich, Germany) [93,106].




3.11. Statistical Analysis


Results were recorded as a mean ± standard error of the mean (SEM). Comparison between more than two groups was conducted using one-way ANOVA. Post hoc multiple comparisons between two groups used the LSD test [98,99]. p values of less than 0.05 were determined to be statistically significant. Statistical significance was defined as * p < 0.05, ** p < 0.01, and *** p < 0.001.





4. Conclusions


In summary, our extensive research has systematically mapped out the possible pathways through which ECM stiffness regulates stem cell fate; this provides a theoretical basis for designing smart bio-scaffolds for tissue engineering. These results offer deep insights into the role of ECM stiffness in altering cell metabolism and thus regulating stem cell differentiation. Moreover, this work connects metabolism and stem cell fate, providing potential therapeutic targets for metabolic diseases.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24119311/s1.





Author Contributions


M.Y.: study conceptualization, data curation, formal analysis, investigation, methodology, visualization, and writing—original draft. P.Z. and Y.L.: data curation, software, validation, and writing—review and editing. Z.L. and Y.Z.: study conceptualization, supervision, investigation, funding acquisition, project administration, resources, and writing—review and editing. All authors agree to be accountable for all aspects of the work, ensuring integrity and accuracy. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (82201023, 81930026), Open Research Project of State Key Laboratory of Oral Disease (SKLOD2023OF04), Research Foundation of Peking University School and Hospital of Stomatology (PKUSS20210102), China Postdoctoral Science Foundation (2020TQ0020, 2021M700280), and National Natural Science Foundation of China (81870742).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of Peking University (Study Number: LA2022239).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is available on request.




Acknowledgments


We appreciate Rong Guo of Beijing Cnkingbio Biotechnology Co., Ltd., for the bioinformatics assistance.




Conflicts of Interest


The authors declare no conflict of interest. The schematic illustration was created with Biorender.com, accessed on 31 July 2022.




References


	



Crowder, S.W.; Leonardo, V.; Whittaker, T.; Papathanasiou, P.; Stevens, M.M. Material Cues as Potent Regulators of Epigenetics and Stem Cell Function. Cell Stem Cell 2016, 18, 39–52. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, W.L.; McDevitt, T.C.; Engler, A.J. Materials as stem cell regulators. Nat. Mater. 2014, 13, 547–557. [Google Scholar] [CrossRef] [PubMed]

	



Vermeulen, S.; Tahmasebi Birgani, Z.; Habibovic, P. Biomaterial-induced pathway modulation for bone regeneration. Biomaterials 2022, 283, 121431. [Google Scholar] [CrossRef] [PubMed]

	



Smith, L.R.; Cho, S.; Discher, D.E. Stem Cell Differentiation is Regulated by Extracellular Matrix Mechanics. Physiology 2018, 33, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Ge, H.; Tian, M.; Pei, Q.; Tan, F.; Pei, H. Extracellular Matrix Stiffness: New Areas Affecting Cell Metabolism. Front. Oncol. 2021, 11, 631991. [Google Scholar] [CrossRef] [PubMed]

	



Vining, K.H.; Mooney, D.J. Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol. 2017, 18, 728–742. [Google Scholar] [CrossRef]

	



Darnell, M.; Gu, L.; Mooney, D. RNA-seq reveals diverse effects of substrate stiffness on mesenchymal stem cells. Biomaterials 2018, 181, 182–188. [Google Scholar] [CrossRef]

	



Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677–689. [Google Scholar] [CrossRef]

	



Meng, Z.; Qiu, Y.; Lin, K.C.; Kumar, A.; Placone, J.K.; Fang, C.; Wang, K.C.; Lu, S.; Pan, M.; Hong, A.W.; et al. RAP2 mediates mechanoresponses of the Hippo pathway. Nature 2018, 560, 655–660. [Google Scholar] [CrossRef]

	



Huebsch, N.; Arany, P.R.; Mao, A.S.; Shvartsman, D.; Ali, O.A.; Bencherif, S.A.; Rivera-Feliciano, J.; Mooney, D.J. Harnessing traction-mediated manipulation of the cell/matrix interface to control stem-cell fate. Nat. Mater. 2010, 9, 518–526. [Google Scholar] [CrossRef]

	



Darnell, M.; Young, S.; Gu, L.; Shah, N.; Lippens, E.; Weaver, J.; Duda, G.; Mooney, D. Substrate Stress-Relaxation Regulates Scaffold Remodeling and Bone Formation In Vivo. Adv. Healthc. Mater. 2017, 6, 1601185. [Google Scholar] [CrossRef] [PubMed]

	



Bao, M.; Xie, J.; Huck, W.T.S. Recent Advances in Engineering the Stem Cell Microniche in 3D. Adv. Sci. 2018, 5, 1800448. [Google Scholar] [CrossRef] [PubMed]

	



Pek, Y.S.; Wan, A.C.A.; Ying, J.Y. The effect of matrix stiffness on mesenchymal stem cell differentiation in a 3D thixotropic gel. Biomaterials 2010, 31, 385–391. [Google Scholar] [CrossRef] [PubMed]

	



Kamperman, T.; Willemen, N.G.A.; Kelder, C.; Koerselman, M.; Becker, M.; Lins, L.; Johnbosco, C.; Karperien, M.; Leijten, J. Steering Stem Cell Fate within 3D Living Composite Tissues Using Stimuli-Responsive Cell-Adhesive Micromaterials. Adv. Sci. 2023, 10, e2205487. [Google Scholar] [CrossRef] [PubMed]

	



Kamperman, T.; Henke, S.; Crispim, J.F.; Willemen, N.G.A.; Dijkstra, P.J.; Lee, W.; Offerhaus, H.L.; Neubauer, M.; Smink, A.M.; de Vos, P. Tethering Cells via Enzymatic Oxidative Crosslinking Enables Mechanotransduction in Non-Cell-Adhesive Materials. Adv. Mater. 2021, 33, e2102660. [Google Scholar] [CrossRef]

	



Lin, C.; He, Y.; Feng, Q.; Xu, K.; Chen, Z.; Tao, B.; Li, X.; Xia, Z.; Jiang, H.; Cai, K. Self-renewal or quiescence? Orchestrating the fate of mesenchymal stem cells by matrix viscoelasticity via PI3K/Akt-CDK1 pathway. Biomaterials 2021, 279, 121235. [Google Scholar] [CrossRef]

	



Sinha, S.; Ayushman, M.; Tong, X.; Yang, F. Dynamically Crosslinked Poly(ethylene-glycol) Hydrogels Reveal a Critical Role of Viscoelasticity in Modulating Glioblastoma Fates and Drug Responses in 3D. Adv. Healthc. Mater. 2023, 12, e2202147. [Google Scholar] [CrossRef]

	



Baek, J.; Lopez, P.A.; Lee, S.; Kim, T.S.; Kumar, S.; Schaffer, D.V. Egr1 is a 3D matrix-specific mediator of mechanosensitive stem cell lineage commitment. Sci. Adv. 2022, 8, eabm4646. [Google Scholar] [CrossRef]

	



Cossu, G.; Birchall, M.; Brown, T.; De Coppi, P.; Culme-Seymour, E.; Gibbon, S.; Hitchcock, J.; Mason, C.; Montgomery, J.; Morris, S.; et al. Lancet Commission: Stem cells and regenerative medicine. Lancet 2018, 391, 883–910. [Google Scholar] [CrossRef]

	



Meleshina, A.V.; Dudenkova, V.V.; Bystrova, A.S.; Kuznetsova, D.S.; Shirmanova, M.V.; Zagaynova, E.V. Two-photon FLIM of NAD(P)H and FAD in mesenchymal stem cells undergoing either osteogenic or chondrogenic differentiation. Stem Cell Res. Ther. 2017, 8, 15. [Google Scholar] [CrossRef]

	



Yang, H.; Cheam, N.M.J.; Cao, H.; Lee, M.K.H.; Sze, S.K.; Tan, N.S.; Tay, C.Y. Materials Stiffness-Dependent Redox Metabolic Reprogramming of Mesenchymal Stem Cells for Secretome-Based Therapeutic Angiogenesis. Adv. Healthc. Mater. 2019, 8, e1900929. [Google Scholar] [CrossRef] [PubMed]

	



Ning, K.; Liu, S.; Yang, B.; Wang, R.; Man, G.; Wang, D.E.; Xu, H. Update on the effects of energy metabolism in bone marrow mesenchymal stem cells differentiation. Mol. Metab. 2022, 58, 101450. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhuri, O.; Cooper-White, J.; Janmey, P.A.; Mooney, D.J.; Shenoy, V.B. Effects of extracellular matrix viscoelasticity on cellular behaviour. Nature 2020, 584, 535–546. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, M.; Chu, K.; Shrestha, A.; Revelo, X.S.; Zhang, X.; Gold, M.J.; Khan, S.; Lee, M.; Huang, C.; Akbari, M.; et al. Mechanical Stiffness Controls Dendritic Cell Metabolism and Function. Cell Rep. 2021, 34, 108609. [Google Scholar] [CrossRef]

	



Park, J.S.; Burckhardt, C.J.; Lazcano, R.; Solis, L.M.; Isogai, T.; Li, L.; Chen, C.S.; Gao, B.; Minna, J.D.; Bachoo, R.; et al. Mechanical regulation of glycolysis via cytoskeleton architecture. Nature 2020, 578, 621–626. [Google Scholar] [CrossRef]

	



Zhou, Q.; Ren, X.; Oberoi, M.K.; Bedar, M.; Caprini, R.M.; Dewey, M.J.; Kolliopoulos, V.; Yamaguchi, D.T.; Harley, B.A.C.; Lee, J.C. β-Catenin Limits Osteogenesis on Regenerative Materials in a Stiffness-Dependent Manner. Adv. Healthc. Mater. 2021, 10, e2101467. [Google Scholar] [CrossRef]

	



Niehrs, C. The complex world of WNT receptor signalling. Nat. Rev. Mol. Cell Biol. 2012, 13, 767–779. [Google Scholar] [CrossRef]

	



Brommage, R.; Liu, J.; Hansen, G.M.; Kirkpatrick, L.L.; Potter, D.G.; Sands, A.T.; Zambrowicz, B.; Powell, D.R.; Vogel, P. High-throughput screening of mouse gene knockouts identifies established and novel skeletal phenotypes. Bone Res. 2014, 2, 14034. [Google Scholar] [CrossRef]

	



Sales, A.; Khodr, V.; Machillot, P.; Chaar, L.; Fourel, L.; Guevara-Garcia, A.; Migliorini, E.; Albigès-Rizo, C.; Picart, C. Differential bioactivity of four BMP-family members as function of biomaterial stiffness. Biomaterials 2022, 281, 121363. [Google Scholar] [CrossRef]

	



De Ugarte, D.A.; Morizono, K.; Elbarbary, A.; Alfonso, Z.; Zuk, P.A.; Zhu, M.; Dragoo, J.L.; Ashjian, P.; Thomas, B.; Benhaim, P.; et al. Comparison of multi-lineage cells from human adipose tissue and bone m arrow. Cells Tissues Organs 2003, 174, 101–109. [Google Scholar] [CrossRef]

	



Vukicevic, S.; Grgurevic, L. BMP-6 and mesenchymal stem cell differentiation. Cytokine Growth Factor Rev. 2009, 20, 441–448. [Google Scholar] [CrossRef] [PubMed]

	



McDermott, A.M.; Herberg, S.; Mason, D.E.; Collins, J.M.; Pearson, H.B.; Dawahare, J.H.; Tang, R.; Patwa, A.N.; Grinstaff, M.W.; Kelly, D.J.; et al. Recapitulating bone development through engineered mesenchymal condensations and mechanical cues for tissue regeneration. Sci. Transl. Med. 2019, 11, eaav7756. [Google Scholar] [CrossRef] [PubMed]

	



Palomares, K.T.; Gleason, R.E.; Mason, Z.D.; Cullinane, D.M.; Einhorn, T.A.; Gerstenfeld, L.C.; Morgan, E.F. Mechanical stimulation alters tissue differentiation and molecular expression during bone healing. J. Orthop. Res. 2009, 27, 1123–1132. [Google Scholar] [CrossRef]

	



Xuan, Y.; Wang, H.; Yung, M.M.; Chen, F.; Chan, W.S.; Chan, Y.S.; Tsui, S.K.; Ngan, H.Y.; Chan, K.K.; Chan, D.W. SCD1/FADS2 fatty acid desaturases equipoise lipid metabolic activity and redox-driven ferroptosis in ascites-derived ovarian cancer cells. Theranostics 2022, 12, 3534–3552. [Google Scholar] [CrossRef] [PubMed]

	



Mu, M.; Gao, P.; Yang, Q.; He, J.; Wu, F.; Han, X.; Guo, S.; Qian, Z.; Song, C. Alveolar Epithelial Cells Promote IGF-1 Production by Alveolar Macrophages through TGF-β to Suppress Endogenous Inflammatory Signals. Front. Immunol. 2020, 11, 1585. [Google Scholar] [CrossRef] [PubMed]

	



Morris, R.; Zhang, Y.; Ellyard, J.I.; Vinuesa, C.G.; Murphy, J.M.; Laktyushin, A.; Kershaw, N.J.; Babon, J.J. Structural and functional analysis of target recognition by the lymphocyte adaptor protein LNK. Nat. Commun. 2021, 12, 6110. [Google Scholar] [CrossRef]

	



Tang, Q.Q.; Lane, M.D. Adipogenesis: From stem cell to adipocyte. Annu. Rev. Biochem. 2012, 81, 715–736. [Google Scholar] [CrossRef]

	



Hu, L.; Yang, G.; Hägg, D.; Sun, G.; Ahn, J.M.; Jiang, N.; Ricupero, C.L.; Wu, J.; Rodhe, C.H.; Ascherman, J.A.; et al. IGF1 Promotes Adipogenesis by a Lineage Bias of Endogenous Adipose Stem/Progenitor Cells. Stem Cells 2015, 33, 2483–2495. [Google Scholar] [CrossRef]

	



Suthon, S.; Perkins, R.S.; Bryja, V.; Miranda-Carboni, G.A.; Krum, S.A. WNT5B in Physiology and Disease. Front. Cell Dev. Biol. 2021, 9, 667581. [Google Scholar] [CrossRef]

	



Bagchi, D.P.; MacDougald, O.A. Wnt Signaling: From Mesenchymal Cell Fate to Lipogenesis and Other Mature Adipocyte Functions. Diabetes 2021, 70, 1419–1430. [Google Scholar] [CrossRef]

	



Kanazawa, A.; Tsukada, S.; Sekine, A.; Tsunoda, T.; Takahashi, A.; Kashiwagi, A.; Tanaka, Y.; Babazono, T.; Matsuda, M.; Kaku, K.; et al. Association of the gene encoding wingless-type mammary tumor virus integration-site family member 5B (WNT5B) with type 2 diabetes. Am. J. Hum. Genet. 2004, 75, 832–843. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Han, W.; Qin, A.; Wang, Z.; Xu, J.; Qian, Y. The emerging role of Hippo signaling pathway in regulating osteoclast formation. J. Cell. Physiol. 2018, 233, 4606–4617. [Google Scholar] [CrossRef] [PubMed]

	



Saidova, A.A.; Vorobjev, I.A. Lineage Commitment, Signaling Pathways, and the Cytoskeleton Systems in Mesenchymal Stem Cells. Tissue Eng. Part B Rev. 2020, 26, 13–25. [Google Scholar] [CrossRef] [PubMed]

	



Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.; Forcato, M.; Bicciato, S.; et al. Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179–183. [Google Scholar] [CrossRef] [PubMed]

	



Pan, J.X.; Xiong, L.; Zhao, K.; Zeng, P.; Wang, B.; Tang, F.L.; Sun, D.; Guo, H.H.; Yang, X.; Cui, S.; et al. YAP promotes osteogenesis and suppresses adipogenic differentiation by regulating β-catenin signaling. Bone Res. 2018, 6, 18. [Google Scholar] [CrossRef]

	



Zhang, N.; Kandalai, S.; Zhou, X.; Hossain, F.; Zheng, Q. Applying multi-omics toward tumor microbiome research. iMeta 2023, 2, e73. [Google Scholar] [CrossRef]

	



Tharp, K.M.; Higuchi-Sanabria, R.; Timblin, G.A.; Ford, B.; Garzon-Coral, C.; Schneider, C.; Muncie, J.M.; Stashko, C.; Daniele, J.R.; Moore, A.S.; et al. Adhesion-mediated mechanosignaling forces mitohormesis. Cell Metab. 2021, 33, 1322–1341.e13. [Google Scholar] [CrossRef]

	



Dupont, S.; Wickström, S.A. Mechanical regulation of chromatin and transcription. Nat. Rev. Genet. 2022, 23, 624–643. [Google Scholar] [CrossRef]

	



Xie, J.; Bao, M.; Hu, X.; Koopman, W.J.H.; Huck, W.T.S. Energy expenditure during cell spreading influences the cellular response to matrix stiffness. Biomaterials 2021, 267, 120494. [Google Scholar] [CrossRef]

	



Wan, M.C.; Tang, X.Y.; Li, J.; Gao, P.; Wang, F.; Shen, M.J.; Gu, J.T.; Tay, F.; Chen, J.H.; Niu, L.N.; et al. Upregulation of mitochondrial dynamics is responsible for osteogenic differentiation of mesenchymal stem cells cultured on self-mineralized collagen membranes. Acta Biomater. 2021, 136, 137–146. [Google Scholar] [CrossRef]

	



Bertero, T.; Oldham, W.M.; Cottrill, K.A.; Pisano, S.; Vanderpool, R.R.; Yu, Q.; Zhao, J.; Tai, Y.; Tang, Y.; Zhang, Y.Y.; et al. Vascular stiffness mechanoactivates YAP/TAZ-dependent glutaminolysis to drive pulmonary hypertension. J. Clin. Investig. 2016, 126, 3313–3335. [Google Scholar] [CrossRef] [PubMed]

	



Bertero, T.; Oldham, W.M.; Grasset, E.M.; Bourget, I.; Boulter, E.; Pisano, S.; Hofman, P.; Bellvert, F.; Meneguzzi, G.; Bulavin, D.V.; et al. Tumor-Stroma Mechanics Coordinate Amino Acid Availability to Sustain Tumor Growth and Malignancy. Cell Metab. 2019, 29, 124–140.e10. [Google Scholar] [CrossRef] [PubMed]

	



Torrino, S.; Grasset, E.M.; Audebert, S.; Belhadj, I.; Lacoux, C.; Haynes, M.; Pisano, S.; Abélanet, S.; Brau, F.; Chan, S.Y.; et al. Mechano-induced cell metabolism promotes microtubule glutamylation to force metastasis. Cell Metab. 2021, 33, 1342–1357.e10. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Newman, H.; Shen, L.; Sharma, D.; Hu, G.; Mirando, A.J.; Zhang, H.; Knudsen, E.; Zhang, G.F.; Hilton, M.J.; et al. Glutamine Metabolism Regulates Proliferation and Lineage Allocation in Skeletal Stem Cells. Cell Metab. 2019, 29, 966–978.e964. [Google Scholar] [CrossRef] [PubMed]

	



Donat, A.; Knapstein, P.R.; Jiang, S.; Baranowsky, A.; Ballhause, T.M.; Frosch, K.H.; Keller, J. Glucose Metabolism in Osteoblasts in Healthy and Pathophysiological Conditions. Int. J. Mol. Sci. 2021, 22, 4120. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, A.; Iwata, J. Amino acid metabolism and autophagy in skeletal development and homeostasis. Bone 2021, 146, 115881. [Google Scholar] [CrossRef]

	



Xia, J.; Wishart, D.S. MSEA: A web-based tool to identify biologically meaningful patterns in quantitative metabolomic data. Nucleic Acids Res. 2010, 38, W71–W77. [Google Scholar] [CrossRef]

	



Ramsay, A.L.; Alonso-Garcia, V.; Chaboya, C.; Radut, B.; Le, B.; Florez, J.; Schumacher, C.; Fierro, F.A. Modeling Snyder-Robinson Syndrome in multipotent stromal cells reveals impaired mitochondrial function as a potential cause for deficient osteogenesis. Sci. Rep. 2019, 9, 15395. [Google Scholar] [CrossRef]

	



Ohtaka, Y.; Spiegelman, S. Translational Control of Protein Synthesis in a Cell-Free System Directed by a Polycistronic Viral RNA. Science 1963, 142, 493–497. [Google Scholar] [CrossRef]

	



Nováková, S.; Danchenko, M.; Okajčeková, T.; Baranovičová, E.; Kováč, A.; Grendár, M.; Beke, G.; Pálešová, J.; Strnádel, J.; Janíčková, M.; et al. Comparative Proteomic and Metabolomic Analysis of Human Osteoblasts, Differentiated from Dental Pulp Stem Cells, Hinted Crucial Signaling Pathways Promoting Osteogenesis. Int. J. Mol. Sci. 2021, 22, 7908. [Google Scholar] [CrossRef]

	



Bartolák-Suki, E.; Imsirovic, J.; Nishibori, Y.; Krishnan, R.; Suki, B. Regulation of Mitochondrial Structure and Dynamics by the Cytoskeleton and Mechanical Factors. Int. J. Mol. Sci. 2017, 18, 1812. [Google Scholar] [CrossRef] [PubMed]

	



Vercellino, I.; Sazanov, L.A. The assembly, regulation and function of the mitochondrial respiratory chain. Nat. Rev. Mol. Cell Biol. 2022, 23, 141–161. [Google Scholar] [CrossRef] [PubMed]

	



Dobson, P.F.; Dennis, E.P.; Hipps, D.; Reeve, A.; Laude, A.; Bradshaw, C.; Stamp, C.; Smith, A.; Deehan, D.J.; Turnbull, D.M.; et al. Mitochondrial dysfunction impairs osteogenesis, increases osteoclast activity, and accelerates age related bone loss. Sci. Rep. 2020, 10, 11643. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Wang, X.; Zhang, C.; Wang, J.; Wang, S.; Hu, L. Dysfunction of metabolic activity of bone marrow mesenchymal stem cells in aged mice. Cell Prolif. 2022, 55, e13191. [Google Scholar] [CrossRef]

	



Wei, J.; Hu, M.; Huang, K.; Lin, S.; Du, H. Roles of Proteoglycans and Glycosaminoglycans in Cancer Development and Progression. Int. J. Mol. Sci. 2020, 21, 5983. [Google Scholar] [CrossRef]

	



Belting, M. Glycosaminoglycans in cancer treatment. Thromb. Res. 2014, 133 (Suppl. 2), S95–S101. [Google Scholar] [CrossRef]

	



Tcw, J.; Qian, L.; Pipalia, N.H.; Chao, M.J.; Liang, S.A.; Shi, Y.; Jain, B.R.; Bertelsen, S.E.; Kapoor, M.; Marcora, E.; et al. Cholesterol and matrisome pathways dysregulated in astrocytes and microglia. Cell 2022, 185, 2213–2233.e25. [Google Scholar] [CrossRef]

	



Bellavia, D.; Caradonna, F.; Dimarco, E.; Costa, V.; Carina, V.; De Luca, A.; Raimondi, L.; Gentile, C.; Alessandro, R.; Fini, M.; et al. Terpenoid treatment in osteoporosis: This is where we have come in research. Trends Endocrinol. Metab. 2021, 32, 846–861. [Google Scholar] [CrossRef]

	



Wu, L.; Magaz, A.; Wang, T.; Liu, C.; Darbyshire, A.; Loizidou, M.; Emberton, M.; Birchall, M.; Song, W. Stiffness memory of indirectly 3D-printed elastomer nanohybrid regulates chondrogenesis and osteogenesis of human mesenchymal stem cells. Biomaterials 2018, 186, 64–79. [Google Scholar] [CrossRef]

	



Serpooshan, V.; Julien, M.; Nguyen, O.; Wang, H.; Li, A.; Muja, N.; Henderson, J.E.; Nazhat, S.N. Reduced hydraulic permeability of three-dimensional collagen scaffolds attenuates gel contraction and promotes the growth and differentiation of mesenchymal stem cells. Acta Biomater. 2010, 6, 3978–3987. [Google Scholar] [CrossRef]

	



Zhan, X. Effect of matrix stiffness and adhesion ligand density on chondrogenic differentiation of mesenchymal stem cells. J. Biomed. Mater. Res. A 2020, 108, 675–683. [Google Scholar] [CrossRef] [PubMed]

	



Long, Y.; Cheng, X.; Jansen, J.A.; Leeuwenburgh, S.G.C.; Mao, J.; Yang, F.; Chen, L. The molecular conformation of silk fibroin regulates osteogenic cell behavior by modulating the stability of the adsorbed protein-material interface. Bone Res. 2021, 9, 13. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Cheng, C.; Cuellar-Camacho, J.L.; Li, M.; Xia, Y.; Li, W. Thermally Responsive Microfibers Mediated Stem Cell Fate via Reversibly Dynamic Mechanical Stimulation. Adv. Funct. Mater. 2018, 28, 1804773. [Google Scholar] [CrossRef]

	



Najafi, M.; Farhood, B.; Mortezaee, K. Extracellular matrix (ECM) stiffness and degradation as cancer drivers. J. Cell. Biochem. 2019, 120, 2782–2790. [Google Scholar] [CrossRef] [PubMed]

	



Paauwe, M.; Schoonderwoerd, M.J.A.; Helderman, R.F.C.P.; Harryvan, T.J.; Groenewoud, A.; van Pelt, G.W.; Bor, R.; Hemmer, D.M.; Versteeg, H.H.; Snaar-Jagalska, B.E.; et al. Endoglin Expression on Cancer-Associated Fibroblasts Regulates Invasion and Stimulates Colorectal Cancer Metastasis. Clin. Cancer Res. 2018, 24, 6331–6344. [Google Scholar] [CrossRef]

	



Dauer, P.; Zhao, X.; Gupta, V.K.; Sharma, N.; Kesh, K.; Gnamlin, P.; Dudeja, V.; Vickers, S.M.; Banerjee, S.; Saluja, A. Inactivation of Cancer-Associated-Fibroblasts Disrupts Oncogenic Signa ling in Pancreatic Cancer Cells and Promotes Its Regression. Cancer Res. 2018, 78, 1321–1333. [Google Scholar] [CrossRef]

	



Derynck, R.; Akhurst, R.J. Differentiation plasticity regulated by TGF-beta family proteins in development and disease. Nat. Cell Biol. 2007, 9, 1000–1004. [Google Scholar] [CrossRef]

	



Geiser, A.G.; Hummel, C.W.; Draper, M.W.; Henck, J.W.; Cohen, I.R.; Rudmann, D.G.; Donnelly, K.B.; Adrian, M.D.; Shepherd, T.A.; Wallace, O.B.; et al. A new selective estrogen receptor modulator with potent uterine antagonist activity, agonist activity in bone, and minimal ovarian stimulation. Endocrinology 2005, 146, 4524–4535. [Google Scholar] [CrossRef]

	



Dünker, N.; Krieglstein, K. Tgfbeta2 -/- Tgfbeta3 -/- double knockout mice display severe midline fusion defects and early embryonic lethality. Anat. Embryol. 2002, 206, 73–83. [Google Scholar] [CrossRef]

	



Li, S.-N.; Wu, J.-F. TGF-β/SMAD signaling regulation of mesenchymal stem cells in adipocyte commitment. Stem Cell Res. Ther. 2020, 11, 41. [Google Scholar] [CrossRef]

	



Finnson, K.W.; Parker, W.L.; ten Dijke, P.; Thorikay, M.; Philip, A. ALK1 opposes ALK5/Smad3 signaling and expression of extracellular matrix components in human chondrocytes. J. Bone Miner Res. 2008, 23, 896–906. [Google Scholar] [CrossRef] [PubMed]

	



Blaney Davidson, E.N.; Remst, D.F.G.; Vitters, E.L.; van Beuningen, H.M.; Blom, A.B.; Goumans, M.J.; van den Berg, W.B.; van der Kraan, P.M. Increase in ALK1/ALK5 ratio as a cause for elevated MMP-13 expression in osteoarthritis in humans and mice. J. Immunol. 2009, 182, 7937–7945. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.-F.; Darowish, M.; Zuscik, M.J.; Chen, D.; Schwarz, E.M.; Rosier, R.N.; Drissi, H.; O’Keefe, R.J. Smad3-deficient chondrocytes have enhanced BMP signaling and accelerated differentiation. J. Bone Miner. Res. 2006, 21, 4–16. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Chen, L.; Xu, X.; Li, C.; Huang, C.; Deng, C.X. TGF-beta/Smad3 signals repress chondrocyte hypertrophic differentiation and are required for maintaining articular cartilage. J. Cell. Biol. 2001, 153, 35–46. [Google Scholar] [CrossRef]

	



Ferguson, C.M.; Schwarz, E.M.; Reynolds, P.R.; Puzas, J.E.; Rosier, R.N.; O’Keefe, R.J. Smad2 and 3 mediate transforming growth factor-beta1-induced inhibition of chondrocyte maturation. Endocrinology 2000, 141, 4728–4735. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.-O.; Sampson, E.R.; Maynard, R.D.; O’Keefe, R.J.; Chen, D.; Drissi, H.; Rosier, R.N.; Hilton, M.J.; Zuscik, M.J. Ski inhibits TGF-β/hosphor-Smad3 signaling and accelerates hypertrophic differentiation in chondrocytes. J. Cell. Biochem. 2012, 113, 2156–2166. [Google Scholar] [CrossRef]

	



Bielajew, B.J.; Hu, J.C.; Athanasiou, K.A. Collagen: Quantification, biomechanics, and role of minor subtypes in cartilage. Nat. Rev. Mater. 2020, 5, 730–747. [Google Scholar] [CrossRef]

	



Deng, H.; Huang, X.; Yuan, L. Molecular genetics of the COL2A1-related disorders. Mutat. Res. Rev. Mutat. Res. 2016, 768, 1–13. [Google Scholar] [CrossRef]

	



Hafez, A.; Squires, R.; Pedracini, A.; Joshi, A.; Seegmiller, R.E.; Oxford, J.T. Col11a1 Regulates Bone Microarchitecture during Embryonic Development. J. Dev. Biol. 2015, 3, 158–176. [Google Scholar] [CrossRef]

	



Li, Y.; Lacerda, D.A.; Warman, M.L.; Beier, D.R.; Yoshioka, H.; Ninomiya, Y.; Oxford, J.T.; Morris, N.P.; Andrikopoulos, K.; Ramirez, F. A fibrillar collagen gene, Col11a1, is essential for skeletal morphogenesis. Cell 1995, 80, 423–430. [Google Scholar] [CrossRef]

	



Stoffel, W.; Hammels, I.; Jenke, B.; Binczek, E.; Schmidt-Soltau, I.; Brodesser, S.; Odenthal, M.; Thevis, M. Obesity resistance and deregulation of lipogenesis in Δ6-fatty acid desaturase (FADS2) deficiency. EMBO Rep. 2014, 15, 110–120. [Google Scholar] [CrossRef] [PubMed]

	



Fernie, A.R.; Zhang, Y.; Sampathkumar, A. Cytoskeleton Architecture Regulates Glycolysis Coupling Cellular Metabolism to Mechanical Cues. Trends Biochem. Sci. 2020, 45, 637–638. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Yue, M.; Liu, X.; Liu, Y.; Lv, L.; Zhang, P.; Zhou, Y. The PCK2-glycolysis axis assists three-dimensional-stiffness maintaining stem cell osteogenesis. Bioact. Mater. 2022, 18, 492–506. [Google Scholar] [CrossRef] [PubMed]

	



Kang, W.; Harada, Y.; Yamatoya, K.; Kawano, N.; Kanai, S.; Miyamoto, Y.; Nakamura, A.; Miyado, M.; Hayashi, Y.; Kuroki, Y.; et al. Extra-mitochondrial citrate synthase initiates calcium oscillation and suppresses age-dependent sperm dysfunction. Lab. Investig. 2020, 100, 583–595. [Google Scholar] [CrossRef]

	



Chen, Q.; Xin, M.; Wang, L.; Li, L.; Shen, Y.; Geng, Y.; Jiang, H.; Wang, Y.; Zhang, L.; Xu, Y.; et al. Inhibition of LDHA to induce eEF2 release enhances thrombocytopoiesis. Blood 2022, 139, 2958–2971. [Google Scholar] [CrossRef]

	



Komrakova, M.; Krischek, C.; Wicke, M.; Sehmisch, S.; Tezval, M.; Rohrberg, M.; Brandsch, T.; Stuermer, K.M.; Stuermer, E.K. Influence of intermittent administration of parathyroid hormone on muscle tissue and bone healing in orchiectomized rats or controls. J. Endocrinol. 2011, 209, 9–19. [Google Scholar] [CrossRef]

	



Nian, F.; Qian, Y.; Xu, F.; Yang, M.; Wang, H.; Zhang, Z. LDHA promotes osteoblast differentiation through histone lactylation. Biochem. Biophys. Res. Commun. 2022, 615, 31–35. [Google Scholar] [CrossRef]

	



Jiang, S.; Li, H.; Zeng, Q.; Xiao, Z.; Zhang, X.; Xu, M.; He, Y.; Wei, Y.; Deng, X. The Dynamic Counterbalance of RAC1-YAP/OB-Cadherin Coordinates Tissue Spreading with Stem Cell Fate Patterning. Adv. Sci. 2021, 8, 2004000. [Google Scholar] [CrossRef]

	



Guo, Y.; Mei, F.; Huang, Y.; Ma, S.; Wei, Y.; Zhang, X.; Xu, M.; He, Y.; Heng, B.C.; Chen, L.; et al. Matrix stiffness modulates tip cell formation through the p-PXN-Rac1-YAP signaling axis. Bioact. Mater. 2021, 7, 364–376. [Google Scholar] [CrossRef]

	



Guo, X.; Zheng, H.; Guo, Y.; Heng, B.C.; Yang, Y.; Yao, W.; Jiang, S. A three-dimensional actively spreading bone repair material based on cell spheroids can facilitate the preservation of tooth extraction sockets. Front. Bioeng. Biotechnol. 2023, 11, 1161192. [Google Scholar] [CrossRef]

	



Ling, Y.; Zhang, W.; Wang, P.; Xie, W.; Yang, W.; Wang, D.A.; Fan, C. Three-dimensional (3D) hydrogel serves as a platform to identify potential markers of chondrocyte dedifferentiation by combining RNA sequencing. Bioact. Mater. 2021, 6, 2914–2926. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Yue, M.; Heng, B.; Liu, Y.; Zhang, P.; Zhou, Y. Metformin can mitigate skeletal dysplasia caused by Pck2 deficiency. Int. J. Oral Sci. 2022, 14, 54. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhuri, O.; Gu, L.; Klumpers, D.; Darnell, M.; Bencherif, S.A.; Weaver, J.C.; Huebsch, N.; Lee, H.P.; Lippens, E.; Duda, G.N.; et al. Hydrogels with tunable stress relaxation regulate stem cell fate and activity. Nat. Mater. 2016, 15, 326–334. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Li, Z.; Liu, H.; Zhu, Y.; Xia, D.; Wang, S.; Gu, R.; Zhang, P.; Liu, Y.; Zhou, Y. Flufenamic Acid Inhibits Adipogenic Differentiation of Mesenchymal Stem Cells by Antagonizing the PI3K/AKT Signaling Pathway. Stem Cells Int. 2020, 2020, 1540905. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Zhong, D.; Qin, Z.; He, S.; Gong, Y.; Li, W.; Li, X. miR-100-3p inhibits the adipogenic differentiation of hMSCs by targeting PIK3R1 via the PI3K/AKT signaling pathway. Aging 2020, 12, 25090–25100. [Google Scholar] [CrossRef]

	



Yang, F.; Liu, X.; Wei, D.; Zhu, Y.; Wang, F.; Liu, X.; Yan, F.; Zhang, X.; Liu, Y. Topical Application of Butyl Flufenamate Ointment Promotes Cranial Defect Healing in Mice by Inducing BMP2 Secretion in Skin Mesenchymal Stem Cells. Cells 2022, 11, 3620. [Google Scholar] [CrossRef]

	



Costantini, M.; Idaszek, J.; Szöke, K.; Jaroszewicz, J.; Dentini, M.; Barbetta, A.; Brinchmann, J.E.; Święszkowski, W. 3D bioprinting of BM-MSCs-loaded ECM biomimetic hydrogels for in vitro neocartilage formation. Biofabrication 2016, 8, 035002. [Google Scholar] [CrossRef]








[image: Ijms 24 09311 g001 550] 





Figure 1. A schematic illustration of multi-chip high-throughput mapping analysis demonstrating how ECM stiffness regulates the fate of BMMSCs. 
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Figure 2. Transcriptome changes in BMMSCs cultured in ECMs with different stiffnesses after 7 days. (A–C) Volcano plots of the DEGs based on both magnitude of the p value and fold changes (FCs) in (A) medium group compared with soft group, (B) stiff group compared with medium group, and (C) stiff group compared with soft group. (D–F) Heatmap of typical DEGs associated with (D) osteogenesis, (E) chondrogenesis, and (F) adipogenesis between MSCs cultured in ECMs with three different stiffnesses. K-means clusters are indexed using colored bars. (G) GO enrichment analysis of the down-regulated genes in stiff-vs-soft groups. (H) KEGG pathway analysis of up-regulated genes in stiff-vs-soft groups. (I) KEGG pathway analysis of down-regulated genes in stiff-vs-soft groups. 
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Figure 3. Overview of metabolomics analysis between each group of ECMs for 7 days. (A–C) The metabolites that were the most significantly different in each pairwise comparison between two groups. Dunn’s tests were used for pairwise comparisons; p < 0.05 was considered statistically significant. (D) Heatmap showed differences in metabolites using log2-transformed fold changes. K-means clusters are indexed using colored bars. (E–G) Significantly differential metabolites between (E) medium and soft groups, (F) stiff and medium groups, and (G) stiff and soft groups. p value is displayed using colored bars. 
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Figure 4. Metabolite Set Enrichment Analysis and Metabolic Pathway Analysis in relation to ECM stiffness. (A–C) Lift line: The overview of metabolite set enrichment between each pairwise comparison on ECM stiffness. Right line: Metabolic pathway analysis about ECM stiffness. p value was displayed by color bar. (D–F) GSEA was performed to identify the comprehensive analysis of metabolomics and transcriptomics. 
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Figure 5. Verification the effect of ECM stiffness on stem cell fate in vitro. (A) ALP staining (7 days), Alcian blue staining (14 days), and Oil Red O staining (21 days) in soft, medium, and stiff groups. Scale bar is 200 μm. (B) ALP activity in soft, medium, and stiff groups. (C,D) Quantification of the percentage of positive staining cells in Alcian blue (C) and Oil Red O (D) in soft, medium, and stiff groups. (E) The qRT-PCR analysis showed genes related to stem cell fate in soft, medium, and stiff groups (RUNX2, ALP, TGFβ2, COL2A1, and COL11A1 for 7 days; PPARγ, C/EBPα, and FADS2 for 14 days). (F) The qRT-PCR analysis showed genes related to cell metabolism in soft, medium, and stiff groups for 7 days. (* p < 0.05, ** p < 0.01, *** p < 0.001, determined using one-way ANOVA). 
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Figure 6. Investigation of the function of 3D ECM stiffness during bone healing in vivo. (A) Left line: 3D reconstruction of bone-like tissue (green) in soft, medium, and stiff groups. Right line: cross sections of the surgical area in soft, medium, and stiff groups. Scale bar is 2 mm. (B–E) Quantitative analysis of the (B) bone mineral density (BMD), (C) percentage of BV to TV (BV/TV) of bone tissue, (D) trabecular number (Tb.N), and (E) trabecular separation (Tb.Sp) of femurs with implantation of soft, medium, and stiff hydrogels. (* p < 0.05, ** p < 0.01, using one-way ANOVA). 
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Table 1. Primer sequence.
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	Primer
	Forward (5′-3′)
	Reverse (5′-3′)





	GAPDH
	GGTCACCAGGGCTGCTTTT
	GGATCTCGCTCCTGGAAGATG



	ALP
	GACCTCCTCGGAAGACACTC
	TGAAGGGCTTCTTGTCTGTG



	RUNX2
	CCGCCTCAGTGATTTAGGGC
	GGGTCTGTAATCTGACTCTGTCC



	TGFB2
	CAACAGCACCAGGGACTTGC
	AACTGGGCAGACAGTTTCGGA



	COL11A1
	TCCTGGACCACCAGGAAGGAT
	GACCAGTCTCACCGGTTGGT



	COL2A1
	CCCATCTGCCCAACTGACCT
	TTTGGTCCTGGTTGCCCACT



	PPARγ
	GAGGAGCCTAAGGTAAGGAG
	GTCATTTCGTTAAAGGCTGA



	C/EBPα
	CGCAAGAGCCGAGATAAAGC
	CACGGCTCAGCTGTTCCA



	FADS2
	TGACCGCAAGGTTTACAACAT
	AGGCATCCGTTGCATCTTCTC



	PK
	AGAGAGGCAGCCTTCAGACCT
	CTGTTTTGTGCCCCGCAAGA



	CS
	TGGGTGTACTGGCACAGCTC
	GTGCTCATGGACTTGGGCCT



	LDHA
	GGCTTGAGCTTTGTGGCAGT
	GGCTCCTACAGCAAGGACACA



	PFKM
	GAGCACCATGCAGCCAAAAC
	GCAGCATTCATACCTTGGGC
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