

[image: image1]
TMT-Based Proteomic Explores the Influence of DHEA on the Osteogenic Differentiation of hBMSCs
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Dehydroepiandrosterone (DHEA) has been revealed to implicate in facilitating osteoblast differentiation of human bone marrow mesenchymal stem cells (hBMSCs) and inhibiting osteoporosis (OP). However, the underlying molecular mechanism remains largely unknown. Here, we induced osteogenic differentiation of hBMSCs derived from elders using an osteogenic induction medium with or without DHEA. The results showed that osteogenic induction medium (OIM) with DHEA could significantly promote the proliferation and osteogenic differentiation of hBMSCs than OIM alone. By using a Tandem Mass Tag (TMT) labeling and liquid chromatography-tandem mass spectrometry (LC-MS/MS) technology, we screened out 604 differentially expressed proteins (DEPs) with at least one unique peptide were identified [524: OIM vs. complete medium (CM), and 547: OIM+DHEA vs. CM], among these proteins, 467 DEPs were shared in these two different comparative groups. Bioinformatic analysis revealed these DEPs are mainly enriched in metabolic pathways. Interestingly, the expression levels of the DEPs in the metabolic pathways showed a more noticeable change in the OIM+DHEA vs. CM group than OIM vs. CM group. Moreover, the protein-protein interaction (PPI) network analysis revealed that three potential proteins, ATP5B, MT-CYB, and MT-ATP6, involved in energy metabolism, might play a key role in osteogenic differentiation induced by OIM+DHEA. These findings offer a valuable clue for us to better understand the underlying mechanisms involved in osteoblast differentiation of hBMSCs caused by DHEA and assist in applying DHEA in hBMSCs-based therapy for osteogenic regeneration.
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INTRODUCTION

Osteoporosis (OP) is a systemic disorder that is characterized by bone fragility, accompanied by a sharp decrease in bone strength (Ginaldi et al., 2005; Franco-Trepat et al., 2019). With increasing age, these bone losses are raised, in turn resulted in a higher risk of fragility fractures (Lynn et al., 2005; Chen et al., 2019). Thus, the morbidity of OP increases with the aging of the population, severely affecting the quality of life and physical health of the elderly (Chen et al., 2019). According to statistics, osteoporosis-induced disabling injuries have become the third most serious disease affecting the life and health of the elderly following hypertension, cardiovascular, and cerebrovascular diseases (An et al., 2016; Tan and Dai, 2019). However, although the approved anti-osteoporosis drugs currently have some therapeutic effect on the treatment of osteoporosis, the risk of osteonecrosis of the jaw and atypical femoral fractures was increased after long-term intake, thereby leading to their limited utility in clinical (Voss et al., 2018). Hence, it is urgent to develop new therapeutic strategies for OP.

Mesenchymal stem cells derived from human bone marrow (hBMSCs) are multipotent stromal cells that can differentiate into osteoblasts, chondrocytes, adipocytes, and many other cell types (Pittenger et al., 1999). It is currently believed that proliferation and differentiation of hBMSCs, especially the osteogenic differentiation, have close correlations with the onset and recovery of OP, providing new ideas for the treatment and study of the disease (Wang et al., 2007, 2009). Furthermore, in recent years, the regenerative medical potential of human mesenchymal stem cells (hMSCs), specifically bone marrow-derived MSCs, have attracted increasing attention, and these cells were used frequently for augmenting bone tissue repair and regeneration in bone tissue engineering, and were considered as a promising tool for bone regeneration in OP (Ciapetti et al., 2006; Annamalai et al., 2019; Liu et al., 2019). Hence, enhancing the proliferation and osteogenesis differentiation of BMSCs and understanding the underlying mechanisms may significantly improve the therapeutic efficacy of OP.

Dehydroepiandrosterone (DHEA) and its sulfate ester, the prominent adrenal steroids in human circulation, are used as a nutritional supplement in the United States and can be obtained without a prescription. DHEA is touted for its putative anti-aging peculiarities and potential advantage in metabolic and cardiovascular health (Allolio and Arlt, 2002; Formoso et al., 2006). Recent studies reported that DHEA could accelerate the growth of osteoblast and morphometry of bone tissue, and oppose osteoporosis by inhibiting certain activities of endogenous glucocorticoids (GC) in rodents (Malik et al., 2010). DHEA has been reported to promote the proliferation of osteoblast and inhibit apoptosis of osteoblast and maturation of osteoclast. In addition, DHEA significantly boosts the production of osteoblast by modulating the expression of genes associated with osteoblast in MSC (Qiu et al., 2015). Our previous study evaluated the effect of DHEA on hBMSCs and showed that the higher ALP activity was recorded at 10 nM of DHEA in the medium (Liang et al., 2016). As the literature grew, DHEA will become widely used as a promising agent to treat osteoporosis by affecting the osteogenic differentiation of hBMSCs. However, systemic approaches for specifying the influence of DHEA on osteogenic differentiation of hBMSCs have not yet to be investigated, and the molecular mechanism of osteogenic differentiation remains unclear. Proteins, as the actual functional molecules involved in various biological effects in the human body, should be translated from messenger RNA and then undergo a variety of modifications before they can be used as the available proteins. Therefore, the expression of biological molecules at the genomic level alone cannot wholly reflect the truth.

Recently, proteomics methodology has been employed for the investigations of a series of mesenchymal stem cells (MSCs), including the differential expression profile analysis of membrane proteins in MSCs during differentiation of osteoblast (Foster et al., 2005), the analysis of the secretome of MSCs differentiated from embryonic stem cells (Sze et al., 2007), the proteomic analysis of rat MSCs subcultures (Celebi and Elçin, 2009), and proteomic profiling of transforming growth factor-β acting on MSCs (Wang et al., 2004; Kurpinski et al., 2009). Nevertheless, data on the proteome profile of bone tissue-derived MSCs was still limited, and further studies are needed to provide information for better application of these populations of MSCs. Therefore, to gain further understanding of the underlying molecular mechanism of the osteogenic differentiation of hBMSCs, we applied a Tandem Mass Tag (TMT) peptide labeling combined with liquid chromatography-tandem mass spectrometry (LC-MS/MS) approach to quantitatively evaluate the protein expression profile of the osteogenesis model in vitro. The TMT labeling coupled with LC-MS/MS is a gel-free quantitative proteomics technology that enables isobaric labeling of proteins and was used for the quantification and identification of biological macromolecules, such as peptides and proteins, which is one of the most sensitive techniques currently used for quantitative analysis of proteomes (Zhang and Elias, 2017).

Herein, we explored the promote effects of DHEA on the osteogenic differentiation of hBMSCs, and analyzed differentially expressed proteins (DEPs) of hBMSCs cultured in three different mediums under the two-dimensional system using TMT peptide labeling combined with LC-MS/MS technology. We particularly focused on the differential expression of proteins during osteoblast differentiation of hBMSCs induced by osteogenic induction medium (OIM) and OIM with DHEA and conducted bioinformatics analysis. The DEPs identified in this study may serve essential roles in the progression of osteogenic differentiation. Our findings provide an important insight into the crucial proteins and the underlying intracellular mechanisms of osteogenic differentiation, further promoting their application of DHEA in OP therapy.



MATERIALS AND METHODS


Extracting and Culturing of hBMSCs

All studies involving human stem cells were approved by the Ethics Committee of The First Affiliated Hospital of Guangxi Medical University. HBMSCs were isolated from the iliac crest of donors who received a total hip replacement for osteoporosis in the Department of Orthopedics Trauma and Hand Surgery, The First Affiliated Hospital of Guangxi Medical University. Patients gave informed written consent before they participated in this study. The criteria for exclusion have been explained in our previous reports (Liang et al., 2016; Zhou and Glowacki, 2017). Briefly, the mononuclear cells were extracted from bone marrow that had been treated with heparin by using Ficoll-Hypaque density gradient centrifugation with a density of 1.077 g/L. Subsequently, the cells were seeded in a six-well plate and cultured with α-minimal essential medium (α-MEM, Gibco-BRL, United States) containing 10% fetal bovine serum (FBS, Gibco-BRL, United States) and 100 units/mL penicillin and 100 μg/mL streptomycin (Solarbio, China), which is called as complete medium (CM), and then incubated in an incubator (Thermo Fisher Scientific, United States) at 37°C with 5% CO2 humidified atmosphere. After 7 days of culture, the hBMSCs were harvested and re-cultured in 10 cm of plastic dishes at the density of 4 × 103 cells/cm2, and the cultured medium was replaced with a fresh medium every 3 days. The trypsin-EDTA solution containing 0.02% EDTA and 0.25% trypsin (Solarbio, China) was applied to detach the cells, and a subculture was conducted at 1:3 split when the cells reached 100% confluence. The cells from passage three were used for further experimentation.



Cytotoxicity Assay

To determine the toxic effect of DHEA on hBMSCs, the cytotoxicity was detected by an MTT (Gibco-BRL, United States) assay following the manufacturer’s instruction. In brief, the hBMSCs with a density of 1,000 cells/well were cultured in a 96-well plate. After 3 days of treatment with DHEA with a variety of concentrations (0–100 μM of DHEA where 0 μM was employed as a control), and the plates were incubated at 37°C in the dark for 4 h after the addition of 20 μL of MTT reagents (5 mg/ml) into each well. After removing MTT reagents, 200 μL of dimethyl sulfoxide (DMSO, Sigma-Aldrich, United States) was added to the cells for crystal solubilization. After that, the spectrometric absorbance at the wavelength of 570 nm was obtained by MultiskanTM GO microplate spectrophotometer (Thermo Fisher Scientific Inc., United States). Every experiment was performed in triplicate. An optimal concentration of 10 nM was chosen for further investigation according to the results of MTT analysis.



Treatment and Grouping of hBMSCs

The hBMSCs were divided into three groups as follows: CM group: hBMSCs were cultured with complete medium; osteogenic induction medium (OIM) group: hBMSCs were induced with OIM (Shen et al., 2019), which composed of α-MEM, 10% FBS, β-glycerophosphate (10 mM) (Sigma-Aldrich, United States), dexamethasone (10 mM), and ascorbic acid-2 phosphate (50 μg/mL); OIM+DHEA group: hBMSCs were cultured in OIM containing 10 nM of DHEA.



Alkaline Phosphatase Activity Test

The cultured cells were lysed with RIPA lysis buffer (Beyotime, China) after wash twice with Phosphate Buffer Saline (PBS). Subsequently, the Alkaline Phosphatase Assay Kit (Beyotime, China) was used to assess the cellular alkaline phosphatase (ALP) activity quantitatively in the light of the manufacturer’s protocol. After that, the cellular ALP activity was measured under the wavelength of 405 nm by using a microplate reader (Thermo Fisher Scientific, United States).



Alizarin Red Staining for Calcium Deposit

After 7 and 14 days of culture, the process of fixation with 4% paraformaldehyde was carried out after the cultured cells were washed twice with PBS. Subsequently, the cells underwent evaluation of calcium levels using alizarin red staining according to the standard protocols. Light microscopic images were observed and captured using an Olympus BX53 microscope (Olympus, Japan).



Real-Time Quantitative Polymerase Chain Reaction Analysis

Total RNA was purified using an RNA isolation kit (Tiangen Biotech, China) according to the manufacturer’s specifications. The cDNA was synthesized from the RNA by using a reverse transcription kit (Takara, Japan). The real-time quantitative polymerase chain reaction (qRT-PCR) was performed with Fast Start Universal SYBR Green Master Mix (Roche, Germany) in the procedure with 40 cycles of 95°C for 15 s, 60°C for 30 s, following by 72°C for 30 s by using ABI Step One Real-Time PCR System machine. Every reaction was repeated three times. The relative expression levels of target genes were measured by employing 2–ΔΔCT method. The sequences of gene primer employed for the amplification of the target gene were presented in Table 1.


TABLE 1. Primer used in the qRT-PCR.
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Proteomic Analysis by TMT

Human bone marrow mesenchymal stem cells were cultured in a 55 cm2 plastic culture dish at a density of 10,000 cells/cm2 with a culture medium as formerly indicated. The cells were lysed with 2 mL of cell lysis buffer after detachment with trypsin when 14 days of growth. Subsequently, the protein concentrations were determined using a Bradford Quant Kit (Amresco) according to the manufacturer’s protocol. And then, 100 g of each protein sample was treated with 3.3 L of trypsin (1 g/L) at 37°C for 24 h, and following by labeled with the TMT. After desalting of the TMT-labeled peptides by C18 reversed-phase column, the lyophilized products were further separated by using the Dionex capillary/nano-HPLC system, and then transported to the Q-Exactive Plus spectrometer for further analysis. The mass spectrum was obtained by the software Proteome Discoverer 2.1 in a data-dependent manner. The analytical cycle consisted of a single full-scan mass spectrum (350--2000 Da), followed by 15 data-dependent MS/MS scans. Under this scan, to generate reporter ions and fragment ions, TMT-labeled peptides were fragmented. The ratio of reporter ions reflected the relative abundance of the peptides or proteins in the sample. Fragment ions were applied to identify the labeled peptide sequences and their corresponding proteins. The data acquired in the TMT experiments were analyzed with Mascot 2.5 using the UniProt-Homo Sapiens database1.



Bioinformatics Analysis

Compared with the Control group, the proteins with a threshold of fold change (FC) more or less than 1.2 and p-value less than 0.05 were defined as differentially expressed proteins (DEPs). The functional classifications, pathway enrichment, and Gene Ontology (GO) term analysis on the DEPs were conducted after the identification of proteins using the bioinformatics method. By using the Gene Ontology analysis database2, GO enrichment analyses classified proteins based on biological process, cell component, and molecular function. The pathway analysis of the DEPs was carried out applying the Kyoto Encyclopedia of Genes and Genomes (KEGG) online database3. KEGG pathways and GO terms with corrected p < 0.05 were considered significant enrichment.



Western Blot Analysis

The western blot analysis was performed as previously described (Ma et al., 2020). Briefly, hBMSCs were seeded at a density of 10,000 cells/cm2 in six-well plates and allowed to grow for 14 days in different mediums as the former indicated. After that, cells in the diverse group were harvested to detect the expression of ATP5B, MT-CYB, and MT-ATP6. For extraction of proteins, RIPA buffer (Beyotime, Shanghai, China) was used to lyse the cells. The concentrations of proteins were determined using A BCA protein assay kit (Beyotime, China). Furthermore, 60 micrograms of each protein lysate were resolved using 10% SDS polyacrylamide gel and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, United States). The membranes were then incubated at 4°C overnight with an appropriate concentration of primary antibodies as follows: ATP5B (1:500, Proteintech, Catalog No. 17247-1-AP), MT-CYB (1:500, Proteintech, Catalog No. 55090-1-AP), MT-ATP6 (1:500, Proteintech, Catalog No. 55313-1-AP), and β-actin (1:1000, Proteintech, Catalog No. 66009-1-Ig). After washing the membrane three times for 10 min with 1× TBST, the membranes were incubated with a secondary antibody on a rocking platform for 30 min at room temperature. Finally, the membranes were exposed to Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, United States) for the appropriate period to acquire the images. Quantitative analysis of the band intensity was analyzed by Image J.



Statistical Analysis

The statistical analysis of data was carried out using GraphPad Software (GraphPad Prism 5.0). All values are presented as the mean ± standard deviation (SD). The data were evaluated using one-way ANOVA and the Tukey’s t-test using SPSS 16.0 (IBM, United States). P-value < 0.05 was considered statistically significant.



RESULTS


The Optimal Concentration of DHEA Without Cytotoxicity and Contributes to the Proliferation of hBMSCs

To evaluate the cytotoxicity of DHEA toward hBMSCs and its effect on the proliferation of BMSCs, we conducted an MTT assay. In the traditional complete medium, no apparent cytotoxicity was observed in the hBMSCs treated with DHEA at a range of 1–10 nM for 3 days, but a gradually reduce cell viability was observed at higher concentrations (100 nM–100 μM) (Figure 1A). It is worth noting that cell viability was significantly increased in the hBMSCs treated with DHEA at a range of 6.25–10 nM, a concentration of 10 mM arrived a peak increase in viability, where thereafter, there was a gradual decline in vitality at higher concentrations (Figure 1B). These results indicated that 10 nM is the lowest and most proper functional concentration of DHEA on hBMSCs. Therefore, the concentration of 10 nM for DHEA was selected for subsequent investigations.
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FIGURE 1. Screening of the optimal concentration of DHEA in the viability of hBMSCs by MTT assay. (A) The viability of hBMSCs was measured after 3 days of co-culture with DHEA at various concentrations (0–100 μM). (B) The viability of hBMSCs was measured after 3 days of co-culture with DHEA at multiple concentrations (0–100 nM).




DHEA Promotes Osteoblastic Differentiation of hBMSCs in vitro

To explore the functions of DHEA on osteoblastic differentiation, we performed a quantitative alkaline phosphatase (ALP) assay and Alizarin red staining when hBMSCs were cultured in the osteogenic induction medium (OIM) with or without DHEA for 3, 7, and 14 days, respectively. As shown in Figure 2A, our results showed no significant difference in ALP activity observed in the OIM group and OIM+DHEA group at 3 days. However, the ALP activity in the OIM+DHEA group was significantly higher than that in the OIM group at 7 days and 14 days. Meanwhile, alizarin red staining yielded comparable results, where the formation of calcification deposits was markedly increased in the OIM+DHEA group compared with the CM and OIM group at 7 days and 14 days (Figure 2B). In addition, the expression levels of osteoblast-specific genes, Bone morphogenetic protein-2 (Bmp2), Runt-related transcription factor 2 (Runx2), Collagen type I alpha 1 (Col1a1), and Alkaline phosphatase (Alp) were detected in hBMSCs treated with 10 μM of DHEA for 3, 7, and 14 days by RT-PCR analysis. As shown in Figure 2C, compared to the hBMSCs cultured in CM, the mRNAs expression level of Col1a1, Runx2, Bmp2, and Alp was markedly increased in the OIM group and OIM+DHEA group. What’s more, the expression of osteogenic-specific genes was dramatically elevated after 7 and 14 days of DHEA treatment compared with the hBMSCs cultured in OIM without DHEA. The above results suggested that the addition of DHEA is more effective than conventional inducer in inducing osteogenic differentiation of hBMSCs.
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FIGURE 2. DHEA promotes the osteogenic differentiation of BMSCs in vitro. (A) ALP activity was analyzed after 3, 7, and 14 days of hBMSCs culturing with CM, OIM, and OIM supplemented with 10 nM of DHEA. Error bars: mean ± SD. N = 3, *, # indicates p < 0.05, **indicates p < 0.01. (B) Alizarin red staining of osteogenic hBMSCs treated with or without 10 nM of DHEA for 7 and 14 days (Scale bar = 2 mm). (C) The mRNA expression of Alpl, Col1a1, Runx2, and Bmp2 was detected in the CM, OIM, and OIM+DHEA groups at the indicated time by qRT-PCR analysis. Error bars: mean ± SD. N = 3, *, # indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001.




Identify the DEPs in OIM and OIM+DHEA Groups Through TMT Proteomic Analysis

To explore the patterns of proteome during the osteogenic differentiation of hBMSCs induced by DHEA, comparative proteome analysis was performed in hBMSCs cultured with CM, OIM, and OIM+DHEA by using TMT. Under the condition of FC > 1.2 or FC<−1.2 and P value < 0.05, a total of 45614 spectra were obtained in the comparison between OIM and CM (OIM vs. CM), and 50590 spectra were obtained in the comparison between OIM+DHEA and CM (OIM+DHEA vs. CM). By searching UniProt-Homo Sapiens database, we identified 604 proteins containing at least one unique peptide from these spectra (Table 2). Among these proteins, the number of differentially expressed proteins (DEPs) between OIM and CM groups was 524, containing 222 down- and 302 up-regulated proteins. However, there were 547 DEPs, including 230 down- and 317 up-regulated proteins in OIM+DHEA vs. CM. And 467 DEPs were shared in these two different comparative groups, including 269 up- and 198 down-regulated proteins (Figure 3).


TABLE 2. Quantitative results of protein.
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FIGURE 3. Analysis of differentially expressed proteins (DEPs) between two different comparative groups. (A) Venn diagram of DEPs comparing between OIM vs. CM and OIM+DHEA vs. CM. (B) Venn diagram of up-regulated proteins comparing between OIM vs. CM and OIM+DHEA vs. CM. (C) Venn diagram of down-regulated proteins comparing between OIM vs. CM and OIM+DHEA vs. CM.




Gene Ontology Enrichment Analysis

Base on the Gene Ontology (GO) database, we investigated the enrichment of DEPs during osteogenic differentiation induced by two different induction mediums. In the OIM vs. CM, DEPs are mainly enriched in 25 GO terms, 15 GO terms, and 18 GO terms of the biological process (BP), molecular function (MF), and cellular component (CC), respectively. In the BP category, cellular process, single-organism process, and biological regulation were the top three terms. The first three terms of the MF category were catalytic activity, binding, and molecular function regulator. Cell, cell part, and organelle dominated the CC category (Figure 4A). These results indicated that OIM promotes the differentiation of hBMSCs into the osteoblasts might through promoting the activities of cell and organelle, and regulating the cellular process and binding-related molecular functions.
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FIGURE 4. Gene ontology (GO) classification of differentially expressed proteins (DEGs). GO analysis of DEGs in OIM+DHEA vs. CM group (A) and OIM+DHEA vs. CM group (B). Cut-off value: p-value < 0.05, and count >2.


Interestingly, in the OIM+DHEA vs. CM, DEPs were enriched in similar GO terms in the BP, MF, and CC categories, separately. The most enriched three terms in the BP category were cellular process, regulation of biological process, and single-organism process. Transporter activity, catalytic activity, and binding were highly clustered terms in the MF category. The most significant three terms in the CC category were also the same as OIM+DHEA vs. CM, which was cell, cell part, and organelle (Figure 4B). These results suggested that DEPs in OIM vs. CM and OIM+DHEA vs. CM had a similar biological function in BP, MF, and CC categories.



Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis for the DEPs

To map the DEPs to the reference pathways and uncover their unique biological significance, the pathway enrichment analysis was carried out by employing the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. As shown in Figure 5, among the top 30 enriched pathways (ranked by count), 24 pathways were identical, including Metabolic pathways, PPAR signaling pathway, Alzheimer’s disease, Oxidative phosphorylation, Huntington’s disease, and Focal adhesion in OIM vs. CM group and OIM+DHEA vs. CM group. Notably, among the 24 shared pathways, more proteins were enriched in the Metabolic pathways. A total of 30 proteins in the OIM vs. CM group and 37 proteins in the OIM+DHEA vs. CM group were involved in the metabolic pathways (Table 3). Of note, the top 20 DEPs in both OIM vs. CM group and OIM+DHEA vs. CM group all were enriched in the metabolic pathways, indicating that the metabolic pathways were more specific for osteogenic differentiation than other pathways. These results suggested that DHEA and OIM had similar molecular mechanisms, especially metabolic pathways, during osteogenic differentiation.
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FIGURE 5. The enriched KEGG pathways of differentially expressed proteins (DEGs). The top 30 enriched KEGG pathways of the DEPs in OIM vs. CM (A) and OIM+DHEA vs. CM (B). Cut-off value: p-value < 0.05.


TABLE 3. Proteins enriched in metabolic pathways.
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Analysis of Differentially Expressed Proteins in Metabolic Pathways

To further investigate the critical proteins that participated in metabolic pathways, the intersection of these proteins enriched in the metabolic pathways in each group was analyzed, and 29 shared proteins were harvested. As shown in Table 4, the changing trend of metabolic pathways protein was consistent between the two groups, and the change of most differentially expressed proteins in OIM + DHEA vs. CM group was more significant. Moreover, it’s worth noting that alkaline phosphatase (ALPL, a specific protein of biomineralization) was implicated in the metabolic pathways and was located on both the OIM+DHEA vs. CM and OIM vs. CM. Notably, compared with group OIM vs. CM, the expression of the ALPL was higher in group OIM+DHEA vs. CM, which is consistent with the result of qRT-PCR analysis (Figure 2C). Collectively, we concluded that DHEA could activate the metabolic pathways more effectively than OIM, thereby accelerating osteogenic differentiation.


TABLE 4. Common DEPs associated with metabolic pathways in OIM vs. CM and OIM+DHEA vs. CM groups.
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Analysis of Protein-Protein Interaction Network for These Proteins Involved in Metabolic Pathways

To further research the differences and similarities of the interaction of proteins involved in metabolic pathways in OIM vs. CM and OIM+DHEA vs. CM groups, the protein-protein interaction (PPI) network was constructed. As shown in Figure 6, we found that three proteins, ATP5B, MT-CYB, and MT-ATP6, are highly connected protein nodes, interacting with many more partners than average. Therefore, three proteins, ATP synthase subunit beta (ATP5B), Cytochrome b (MT-CYB), and ATP synthase subunit an (MT-ATP6), were considered to be key proteins in the whole network. Besides, combined protein expression profile, expression of ATP5B, MT-CYB, and MT-ATP6 was increased in group OIM+DHEA vs. CM compared with OIM vs. CM. In addition, to confirm the expression of ATP5B, MT-CYB, and MT-ATP6, we performed a western blot analysis. Indeed, the expression of ATP5B, MT-CYB, and MT-ATP6 proteins was markedly increased in the OIM group and OIM+DHEA group compared with that in the CM group. In particular, their expression in the OIM+DHEA group was significantly higher than that in the OIM group (Figure 7). These results indicated that three proteins, ATP5B, MT-CYB, and MT-ATP6, may play a key role in osteogenic differentiation induced by OIM+DHEA.
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FIGURE 6. Protein-protein interaction network for the proteins in the metabolic pathways of OIM vs. CM group (A) and OIM+DHEA vs. CM group (B).
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FIGURE 7. Protein expressions of ATP5B, MT-CYB, and MT-ATP6 were increased in the OIM group and OIM+DHEA group. (A) The expression of ATP5B, MT-CYB, and MT-ATP6 protein were assessed by western blot analysis, β-actin as a loading control. (B) The quantification of expression levels of ATP5B, MT-CYB, and MT-ATP6 proteins, the data were presented as the mean ± SD for each group (***p < 0.001; ###p < 0.001).




DISCUSSION

As a metabolic bone disease, the main feature of OP is loss of bone mineral density and high risk of fractures, in which osteogenesis of osteoblasts and bone resorption of osteoclasts is vital for the occurrence and development of OP (Wu et al., 2018). Therefore, it is critical to explore osteoblast differentiation of hBMSCs to provide novel and highly effective treatment options for OP. We found that DHEA could significantly improve osteoblast differentiation of hBMSCs in vitro. Although the research on osteogenic differentiation of hBMSCs induced by DHEA has provided significant insights into the occurrence, development, and therapy of OP, there are still outstanding insufficient in the mechanism research of osteogenesis. Thus, the identification and characterization of proteins that are expressed differently during the osteogenic differentiation of hBMSCs induced by DHEA might contribute to an in-depth understanding of the complexity of the osteogenic commitment and their therapeutic effect for OP.

In this study, we confirmed that DHEA addition could more significantly promote the proliferation and osteogenic differentiation of hBMSCs from elders than OIM alone, which agrees with the former research that DHEA stimulation promotes osteoblast differentiation (Malik et al., 2010; Qiu et al., 2015; Liang et al., 2016). DHEA has been reported to potentiate cell proliferation, differentiation, and osteocalcin production (Scheven and Milne, 1998). In addition, we also used a powerful proteomics tool, TMT, to investigate the underlying molecular mechanism of osteogenesis induced by DHEA. The TMT-labeled quantitative proteomics is an efficient and systematic method that improves the reliability of the data analysis to accurately quantifying relative protein levels. As untargeted research, TMT-labeled quantitative proteomics is increasingly being used to study the pathogenesis of a disease or cellular biological processes because of its ability to conduct systematic and unbiased analysis of various proteins in samples, as well as its advantages of high sensitivity and good reproducibility (Thompson et al., 2003; Moulder et al., 2018). Untargeted studies can provide a broader perspective on the molecular phenotypes of pathophysiological processes and have the prospect of studying a more comprehensive range of signal pathways (Ismail et al., 2019). Especially proteomics, untargeted studies of the proteome can provide some clues into the understanding of biological processes. For instance, Zhou et al. (2019) found multiple protein factors involved in the pathogenesis of osteoporosis through investigating protein alterations in the bone marrow microenvironment of osteoporotic patients undergoing spine fusion using TMT-based proteomics. Zhang et al. (2021) also applied TMT-based quantitative proteomic analysis to unveil the impact of BMSCs on hair follicle regeneration and confirm key hair regeneration-related protein targets in this therapeutic context.

To the best of our knowledge, this is the first time to apply this method to assess the underlying molecular mechanism in the osteogenic differentiation of BMSCs induced by DHEA in vitro. In our research, the more differentially expressed proteins of hBMSCs in the CM, OIM, and OIM+DHEA groups were obtained through TMT peptide labeling, combined with LC-MS/MS, as a set of 604 DEPs were identified from OIM vs. CM group (524 DEPs) and OIM+DHEA vs. CM group (547 DEPs). These proteins could play an important role in the osteoblast differentiation of hBMSCs induced by DHEA and may be closely related to osteogenesis.

Further bioinformatics analysis demonstrated that these differential proteins from OIM vs. CM group and OIM+DHEA vs. CM group were mainly enriched into metabolic pathways. Metabolic pathways have been reported to regulate the expression of genes via epigenetic modifications, and most of the cofactors, substrates, or allosteric regulators involved in epigenetic changes are produced by way of bioenergetic pathways (Motyl et al., 2017). Thus, control of metabolic pathways has a profound impact in controlling adenosine triphosphate (ATP) generation involved in energy metabolism and controlling the expression of genes, and these effects will affect the lineage determination of stem cells. Energy metabolism as one of the metabolic pathways has been confirmed to participate in osteoblast differentiation and osteogenesis (Smith and Eliseev, 2021). Increasing evidence revealed that substantial amounts of energy were necessary for the synthetic phase of osteoblast differentiation as osteoblasts required huge energy-producing capability (Dirckx et al., 2019). Together with our findings, these results support the fact that metabolic pathways, especially energy metabolism, play a vital role in the DHEA osteoinduction of hBMSCs.

Interestingly, we observed increased expression of proteins (ATP5B, MT-CYB, and MT-ATP6) related to oxidative phosphorylation (OXPHOS) in the OIM+DHEA vs. CM group compared with the OIM vs. CM group. Cumulating evidence has revealed that OXPHOS is a crucial supplementary pathway for ATP synthesis in energy metabolism (Wilson, 2017), and increasing evidence has recently announced that human MSCs (hMSCs) primarily generate ATP through OXPHOS-dependent metabolism during osteogenic differentiation (Guntur et al., 2014; Meleshina et al., 2016). Thus, we speculated that DHEA promotes osteogenic differentiation of hBMSCs may through regulating energy metabolism of metabolic pathways by up-regulating three OXPHOS-related proteins (ATP5B, MT-CYB, and MT-ATP6). ATP is mainly synthesized by mitochondrial ATP synthetase. As one of the principal subunits of ATP synthase, ATP5B could promote cellular ATP levels and play a key role in the differentiation and proliferation of stem cells (Xiaoyun et al., 2017). MT-ATP6 protein that is a component of a large enzyme was known as ATP synthase, is encoded by the mitochondrial genome and responsible for catalyzing the final step of oxidative phosphorylation (Andrews et al., 1999; Demir et al., 2014). MT-CYB protein, as the only mitochondrial genome-encoded subunit of respiratory complex III, is encoded by the MT-CYB gene and exerts important functions in the electron transport system (Demir et al., 2014). Although the precise role of each of these three proteins alone in osteogenic differentiation induced by DHEA currently not know, these observations point to the increased expression of ATP5B, MT-CYB, and MT-ATP6 observed in osteocytes differentiation of hBMSCs caused by DHEA may represent a regulated mechanism of mitochondrial function to up-regulate ATP synthesis by OXPHOS. Further investigations are needed to address the precise tasks of DEPs these possibilities in osteogenic differentiation of hBMSCs and determine whether ATP5B, MT-CYB, and MT-ATP6 cause changes in energy metabolism, which impact the differentiation of hBMSCs into osteocytes induced by DHEA.

In short, our findings suggested that DHEA possesses osteoinduction properties and could foster the proliferation and osteoblast differentiation of hBMSCs in OIM. The proteomics and bioinformatics analysis revealed that DHEA-induced osteogenic differentiation of hBMSCs mechanically is mainly through energy metabolism as one of the metabolic pathways. Three key proteins, ATP5B, MT-CYB, and MT-ATP6, may act as the essential regulators for promoting the osteogenic differentiation of hBMSCs, and their specific functions need to be further studied. Our results offered novel information about the underlying molecular mechanisms involved in osteogenic differentiation of hBMSCs induced by DHEA, and DHEA is likely to be an ideal reagent for the prevention and treatment of OP.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: MassIVE database, accession no: MSV000087888.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Guangxi Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XL, MH, and BZ contributed to the design and conception of the research, analysis of the data, interpretation of the results, and the writing of the manuscript. YZ, XH, and DL performed some experiments, provided reagents, and critical comments on the manuscript. QW reviewed and edited the manuscript. All authors read and approved the final manuscript.



FUNDING

This study was financially supported by the National Natural Science Foundation of China (Grant No. 81560371), the Guangxi Key R&D Program (Grant No. GuiKeAB17292073), and the Guangxi Natural Science Foundation of China (Grant No. 2019GXNSFAA245072).



ACKNOWLEDGMENTS

We thank the Shanghai Genechem Co., Ltd., for TMT quantitative proteomics detection.


FOOTNOTES

1
http://www.uniprot.org

2
http://www.geneontology.org/

3
http://www.genome.jp/kegg/pathway.html


REFERENCES

Allolio, B., and Arlt, W. (2002). DHEA treatment: myth or reality? Trends Endocrinol. Metab. 13, 288–294. doi: 10.1016/S1043-2760(02)00617-3

An, J., Yang, H., Zhang, Q., Liu, C., Zhao, J., Zhang, L., et al. (2016). Natural products for treatment of osteoporosis: the effects and mechanisms on promoting osteoblast-mediated bone formation. Life Sci. 147, 46–58. doi: 10.1016/j.lfs.2016.01.024

Andrews, R. M., Kubacka, I., Chinnery, P. F., Lightowlers, R. N., Turnbull, D. M., and Howell, N. (1999). Reanalysis and revision of the Cambridge reference sequence for human mitochondrial DNA. Nat. Genet. 23, 147. doi: 10.1038/13779

Annamalai, R. T., Hong, X., Schott, N. G., Tiruchinapally, G., Levi, B., and Stegemann, J. P. (2019). Injectable osteogenic microtissues containing mesenchymal stromal cells conformally fill and repair critical-size defects. Biomaterials 208, 32–44. doi: 10.1016/j.biomaterials.2019.04.001

Celebi, B., and Elçin, Y. M. (2009). Proteome analysis of rat bone marrow mesenchymal stem cell subcultures. J. Proteome Res. 8, 2164–2172. doi: 10.1021/pr800590g

Chen, X. H., Shi, Z. G., Lin, H. B., Wu, F., Zheng, F., Wu, C. F., et al. (2019). Resveratrol alleviates osteoporosis through improving the osteogenic differentiation of bone marrow mesenchymal stem cells. Eur. Rev. Med. Pharmacol. Sci. 23, 6352–6359.

Ciapetti, G., Ambrosio, L., Marletta, G., Baldini, N., and Giunti, A. (2006). Human bone marrow stromal cells: in vitro expansion and differentiation for bone engineering. Biomaterials 27, 6150–6160. doi: 10.1016/j.biomaterials.2006.08.025

Demir, D., Türkkahraman, D., Samur, A. A., Lüleci, G., Akçurin, S., and Alper, M. (2014). Mitochondrial ATPase subunit 6 and cytochrome B gene variations in obese Turkish children. J. Clin. Res. Pediatr. Endocrinol. 6, 209–215. doi: 10.4274/Jcrpe.1601

Dirckx, N., Moorer, M. C., Clemens, T. L., and Riddle, R. C. (2019). The role of osteoblasts in energy homeostasis. Nat. Rev. Endocrinol. 15, 651–665. doi: 10.1038/s41574-019-0246-y

Formoso, G., Chen, H., Kim, J. A., Montagnani, M., Consoli, A., and Quon, M. J. (2006). Dehydroepiandrosterone mimics acute actions of insulin to stimulate production of both nitric oxide and endothelin 1 via distinct phosphatidylinositol 3-kinase- and mitogen-activated protein kinase-dependent pathways in vascular endothelium. Mol. Endocrinol. 20, 1153–1163. doi: 10.1210/me.2005-0266

Foster, L. J., Zeemann, P. A., Li, C., Mann, M., Jensen, O. N., and Kassem, M. (2005). Differential expression profiling of membrane proteins by quantitative proteomics in a human mesenchymal stem cell line undergoing osteoblast differentiation. Stem Cells 23, 1367–1377. doi: 10.1634/stemcells.2004-0372

Franco-Trepat, E., Guillán-Fresco, M., Alonso-Pérez, A., Jorge-Mora, A., Francisco, V., Gualillo, O., et al. (2019). Visfatin connection: present and future in osteoarthritis and osteoporosis. J. Clin. Med. 8:1178. doi: 10.3390/jcm8081178

Ginaldi, L., Di Benedetto, M. C., and De Martinis, M. (2005). Osteoporosis, inflammation and ageing. Immun. Ageing I A 2:14.

Guntur, A. R., Le, P. T., Farber, C. R., and Rosen, C. J. (2014). Bioenergetics during calvarial osteoblast differentiation reflect strain differences in bone mass. Endocrinology 155, 1589–1595. doi: 10.1210/en.2013-1974

Ismail, I. T., Showalter, M. R., and Fiehn, O. (2019). Inborn errors of metabolism in the Era of untargeted metabolomics and lipidomics. Metabolites 9:242. doi: 10.3390/metabo9100242

Kurpinski, K., Chu, J., Wang, D., and Li, S. (2009). Proteomic profiling of mesenchymal stem cell responses to mechanical strain and TGF-beta1. Cell. Mol. Bioeng. 2, 606–614. doi: 10.1007/s12195-009-0090-6

Liang, X., Glowacki, J., Hahne, J., Xie, L., LeBoff, M. S., and Zhou, S. (2016). Dehydroepiandrosterone stimulation of osteoblastogenesis in human MSCs requires IGF-I signaling. J. Cell. Biochem. 117, 1769–1774. doi: 10.1002/jcb.25475

Liu, Y., Kuang, B., Rothrauff, B. B., Tuan, R. S., and Lin, H. (2019). Robust bone regeneration through endochondral ossification of human mesenchymal stem cells within their own extracellular matrix. Biomaterials 218:119336. doi: 10.1016/j.biomaterials.2019.119336

Lynn, H. S., Lau, E. M., Au, B., and Leung, P. C. (2005). Bone mineral density reference norms for Hong Kong Chinese. Osteoporo. Int. 16, 1663–1668. doi: 10.1007/s00198-005-1899-z

Ma, K., Zhu, B., Wang, Z., Cai, P., He, M., Ye, D., et al. (2020). Articular chondrocyte-derived extracellular vesicles promote cartilage differentiation of human umbilical cord mesenchymal stem cells by activation of autophagy. J. Nanobiotechnol. 18:163. doi: 10.1186/s12951-020-00708-0

Malik, A. K., Khaldoyanidi, S., Auci, D. L., Miller, S. C., Ahlem, C. N., Reading, C. L., et al. (2010). 5-Androstene-3beta,7beta,17beta-triol (beta-AET) slows thermal injury induced osteopenia in mice: relation to aging and osteoporosis. PLoS One 5:e13566. doi: 10.1371/journal.pone.0013566

Meleshina, A. V., Dudenkova, V. V., Shirmanova, M. V., Shcheslavskiy, V. I., Becker, W., Bystrova, A. S., et al. (2016). Probing metabolic states of differentiating stem cells using two-photon FLIM. Sci. Rep. 6:21853. doi: 10.1038/srep21853

Motyl, K. J., Guntur, A. R., Carvalho, A. L., and Rosen, C. J. (2017). Energy metabolism of bone. Toxicol. Pathol. 45, 887–893. doi: 10.1177/0192623317737065

Moulder, R., Bhosale, S. D., Goodlett, D. R., and Lahesmaa, R. (2018). Analysis of the plasma proteome using iTRAQ and TMT-based Isobaric labeling. Mass Spectrom. Rev. 37, 583–606. doi: 10.1002/mas.21550

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., et al. (1999). Multilineage potential of adult human mesenchymal stem cells. Science 284, 143–147. doi: 10.1126/science.284.5411.143

Qiu, X., Gui, Y., Xu, Y., Li, D., and Wang, L. (2015). DHEA promotes osteoblast differentiation by regulating the expression of osteoblast-related genes and Foxp3(+) regulatory T cells. Biosci. Trends 9, 307–314. doi: 10.5582/bst.2015.01073

Scheven, B. A., and Milne, J. S. (1998). Dehydroepiandrosterone (DHEA) and DHEA-S interact with 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) to stimulate human osteoblastic cell differentiation. Life Sci. 62, 59–68. doi: 10.1016/s0024-3205(97)01038-2

Shen, W.-C., Lai, Y.-C., Li, L.-H., Liao, K., Lai, H.-C., Kao, S.-Y., et al. (2019). Methylation and PTEN activation in dental pulp mesenchymal stem cells promotes osteogenesis and reduces oncogenesis. Nat. Commun. 10:2226. doi: 10.1038/s41467-019-10197-x

Smith, C. O., and Eliseev, R. A. (2021). Energy metabolism during osteogenic differentiation: the role of Akt. Stem Cells Dev. 30, 149–162. doi: 10.1089/scd.2020.0141

Sze, S. K., de Kleijn, D. P., Lai, R. C., Khia Way Tan, E., Zhao, H., Yeo, K. S., et al. (2007). Elucidating the secretion proteome of human embryonic stem cell-derived mesenchymal stem cells. Mol. Cell. Proteomics 6, 1680–1689. doi: 10.1074/mcp.M600393-MCP200

Tan, F. Z., and Dai, H. L. (2019). TAZ accelerates osteogenesis differentiation of mesenchymal stem cells via targeting PI3K/Akt. Eur. Rev. Med. Pharmacol. Sci. 23, 81–88.

Thompson, A., Schäfer, J., Kuhn, K., Kienle, S., Schwarz, J., Schmidt, G., et al. (2003). Tandem mass tags: a novel quantification strategy for comparative analysis of complex protein mixtures by MS/MS. Anal. Chem. 75, 1895–1904. doi: 10.1021/ac0262560

Voss, P. J., Steybe, D., Poxleitner, P., Schmelzeisen, R., Munzenmayer, C., Fuellgraf, H., et al. (2018). Osteonecrosis of the jaw in patients transitioning from bisphosphonates to denosumab treatment for osteoporosis. Odontology 106, 469–480. doi: 10.1007/s10266-018-0362-5

Wang, D., Park, J. S., Chu, J. S., Krakowski, A., Luo, K., Chen, D. J., et al. (2004). Proteomic profiling of bone marrow mesenchymal stem cells upon transforming growth factor beta1 stimulation. J. Biol. Chem. 279, 43725–43734. doi: 10.1074/jbc.M407368200

Wang, L., Wang, Y. D., Wang, W. J., and Li, D. J. (2009). Differential regulation of dehydroepiandrosterone and estrogen on bone and uterus in ovariectomized mice. Osteoporos. Int. 20, 79–92. doi: 10.1007/s00198-008-0631-1

Wang, L., Wang, Y. D., Wang, W. J., Zhu, Y., and Li, D. J. (2007). Dehydroepiandrosterone improves murine osteoblast growth and bone tissue morphometry via mitogen-activated protein kinase signaling pathway independent of either androgen receptor or estrogen receptor. J. Mol. Endocrinol. 38:467. doi: 10.1677/jme.1.02173

Wilson, D. F. (2017). Oxidative phosphorylation: regulation and role in cellular and tissue metabolism. J. Physiol. 595, 7023–7038. doi: 10.1113/JP273839

Wu, Q. Y., Li, X., Miao, Z. N., Ye, J. X., Wang, B., Zhang, F., et al. (2018). Long non-coding RNAs: a new regulatory code for osteoporosis. Front. Endocrinol. 9:587. doi: 10.3389/fendo.2018.00587

Xiaoyun, X., Chaofei, H., Weiqi, Z., Chen, C., Lixia, L., Queping, L., et al. (2017). Possible involvement of F1F0-ATP synthase and intracellular ATP in keratinocyte differentiation in normal skin and skin lesions. Sci. Rep. 7:42672. doi: 10.1038/srep42672

Zhang, C., Li, Y., Qin, J., Yu, C., Ma, G., Chen, H., et al. (2021). TMT-based quantitative proteomic analysis reveals the effect of bone marrow derived mesenchymal stem cell on hair follicle regeneration. Front. Pharmacol. 12:658040. doi: 10.3389/fphar.2021.658040

Zhang, L., and Elias, J. E. (2017). Relative protein quantification using tandem mass tag mass spectrometry. Methods Mol. Biol. (Clifton N. J.) 1550, 185–198. doi: 10.1007/978-1-4939-6747-6_14

Zhou, Q., Xie, F., Zhou, B., Wang, J., Wu, B., Li, L., et al. (2019). Differentially expressed proteins identified by TMT proteomics analysis in bone marrow microenvironment of osteoporotic patients. Osteoporos. Int. 30, 1089–1098. doi: 10.1007/s00198-019-04884-0

Zhou, S. H., and Glowacki, J. (2017). Chronic kidney disease and vitamin D metabolism in human bone marrow-derived MSCs. Ann. N. Y. Acad. Sci. 1402, 43–55. doi: 10.1111/nyas.13464


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 Liang, He, Zhu, Zhu, He, Liu and Wei. 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-09-726549-t003.jpg
Group Enriched genes

OIMvs.CM CHIA, RFK, ATPG, COX1, COX2, ATP8, CYTB, UGP2,
PFAS, AMY1A, ATP6VOC, UQCR11, ATPSL, LDHA,
ALDOA, ARG1, ALPL, COX4l1, MAOA, ATP6VOC, ATPED,
NNMT, PRPST1, EXT1, Q59E93, Q6ZMUO, HGD, CYP2S1,
HEL-S-271, HEL-S-41, HSD11B1
OIM+DHEA vs. CM  CHIA, RFK, GUK1, ATP6, COX1, COX2, ATP8, CYTB,
UGP2, PFAS, AMY1A, ATP6VOC, PLPP1, UQCR11,
ATPS5L, LDHA, ALDOA, ARG1, ALPL, COX6C, COX4i1,
MAOA, ATPBVOC, ATP5D, NNMT, UQCRFS1, XDH,
PRPS1, ATP6AP1, EXT1, Q59E93, P4AHA3, HGD, CYP2S1,
HEL-S-271 (ATP5B), HEL-S-41, HSD11B1






OPS/images/fcell-09-726549-t004.jpg
Accession Gene name Description Coverage% OIMvsCM OIM+DHEA

(unique peptide) vs CM
Up-regulated
P05186 ALPL Alkaline phosphatase, tissue-nonspecific isozyme OS=Homo 59.16 2.69 3.00
sapiens GN=ALPL PE=1 SV=4
B7ZMD7 AMY1A Alpha-amylase OS=Homo sapiens GN=AMY1A PE=2 SV=1 5.87 6.24 5.23
P05089 ARG1 Arginase-1 OS=Homo sapiens GN=ARG1 PE=1 SV=2 5.59 517 5.20
P30049 ATP5D ATP synthase subunit delta, mitochondrial OS=Homo sapiens 13.69 2.50 2.67
GN=ATP5D PE=1 SV=2
075964 ATP5L ATP synthase subunit g, mitochondrial OS=Homo sapiens 47.57 2.52 2.69
GN=ATP5L PE=1 SV=3
AOA059QB80 ATP6 (MT-ATP6) ATP synthase subunit a OS=Homo sapiens GN=ATP6 PE=4 4.42 2.63 3.00
SV=1
pP27449 ATP6EVOC V-type proton ATPase 16 kDa proteolipid subunit OS=Homo 11.61 2.32 2.36
sapiens GN=ATP6VOC PE=1 SV=1
AOA059QPX7 ATP8 ATP synthase protein 8 OS=Homo sapiens GN=ATP8 PE=3 29.41 3.01 2.94
SvV=1
AOA024R0OD9 CHIA Chitinase, acidic, isoform CRA_a OS=Homo sapiens 3.99 4.24 3.36
GN=CHIA PE=3 SV=1
AOA059QJB6 COX1 Cytochrome ¢ oxidase subunit 1 OS=Homo sapiens 6.04 2.85 2.96
GN=COX1 PE=3 SV=1
AOAO59RTGY COX2 Cytochrome ¢ oxidase subunit 2 (Fragment) OS=Homo 31.53 2.91 2.45
sapiens GN=COX2 PE=3 SV=1
P13073 COX411 Cytochrome ¢ oxidase subunit 4 isoform 1, mitochondrial 51.48 2.34 2.58
OS=Homo sapiens GN=COX4I1 PE=1 SV=1
Q965Q9 CYP251 Cytochrome P450 251 OS=Homo sapiens GN=CYP2S51 1.79 2.44 2.82
PE=18vV=2
AOA059RS35 CYTB (MT-CYB) Cytochrome b OS=Homo sapiens GN=CYTB PE=3 SV=1 4.21 2.60 2.66
Q16394 EXT1 Exostosin-1 OS=Homo sapiens GN=EXT1 PE=1 SV=2 4.69 3.77 2.50
VIOHW31 HEL-S-271 (MT-ATP5B) ATP synthase subunit beta OS=Homo sapiens 74.10 3.46 3.79
GN=HEL-S-271 PE=1 SV=1
VOHWF8 HEL-S-41 Epididymis secretory protein Li 41 OS=Homo sapiens 14.72 11.32 11785
GN=HEL-S-41 PE=2 SV=1
Q93099 HGD Homogentisate 1,2-dioxygenase OS=Homo sapiens GN=HGD 9.44 4.28 4.02
PE=18V=2
X5D2L1 HSD11B1 Hydroxysteroid 11-beta dehydrogenase 1 isoform A (Fragment) 19.18 2.29 2.61
OS=Homo sapiens GN=HSD11B1 PE=2 SV=1
P21397 MAOA Amine oxidase [flavin-containing] A OS=Homo sapiens 48.39 3.41 3.17
GN=MAOA PE=1 SV=1
P40261 NNMT Nicotinamide N-methyltransferase OS=Homo sapiens 45.83 2.37 2.68
GN=NNMT PE=1 SV=1
ABK8N7 PFAS Phosphoribosylformylglycinamidine synthase (FGAR 4.71 2.59 2.44
amidotransferase), isoform CRA_b OS=Homo sapiens
GN=PFAS PE=2 SV=1
Q59E93 Q59E93 Aminopeptidase (Fragment) OS=Homo sapiens PE=2 SV=1 49.85 2:57 2.67
AOAO024R275 RFK Riboflavin kinase, isoform CRA_a OS=Homo sapiens GN=RFK 6.79 227 2.39
PE=4 SV=1
AOAO87TWYSH UGP2 UTP-glucose-1-phosphate uridylyltransferase OS=Homo 50.79 2.60 2.80
sapiens GN=UGP2 PE=1 SV=1
014957 UQCR11 Cytochrome b-¢1 complex subunit 10 OS=Homo sapiens 21.43 3.19 3.92
GN=UQCR11 PE=3 SV=1
Down-regulated
P04075 ALDOA Fructose-bisphosphate aldolase A OS=Homo sapiens 71.98 0.38 0.38
GN=ALDOA PE=1 SV=2
P00338 LDHA L-lactate dehydrogenase A chain OS=Homo sapiens 57.83 0.52 0.50
GN=LDHA PE=1 SV=2
P60891 PRPS1 Ribose-phosphate pyrophosphokinase 1 OS=Homo sapiens 43.08 0.562 0.51

GN=PRPS1 PE=1 SV=2





OPS/images/fcell-09-726549-t001.jpg
Gene name Forward primer

ALPL GCAAGAAAGGGGACCCAAGA
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ALPL, Alkaline phosphatase; COL1A1, Collagen type | alpha 1 chain; RUNX2,
RUNX family transcription factor 2; BMP2, Bone morphogenetic protein 2; GAPDH,

Glyceraldehyde-3-phosphate dehydrogenase.
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