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Osteosarcoma (OS) is the most common primary bone sarcoma, chemoresistance becomes an obstacle to its treatment. Metabolic reprogramming is a hallmark of malignancy, targeting the metabolic pathways might provide a reasonable therapeutic strategy for OS. Here we demonstrated that Ailanthone (AIL), a major component of the Chinese medicine Ailanthus altissima, significantly suppressed OS cell growth in vitro and in vivo. Furthermore, AIL dose-dependently inhibited cell migration and invasion, induced cell cycle arrest and apoptosis in OS cells. Combined transcriptomics, proteomics and metabolomics analyses revealed that AIL induced widespread changes in metabolic programs in OS cells, while the serine biosynthetic pathway (SSP) was the most significantly altered pathway. qRT-PCR and Western blot assay confirmed that the transcript and protein levels of the SSP genes (PHGDH, PSAT1 and PSPH) were downregulated dose-dependently by AIL. In addition, we found out that many downstream pathways of the SSP including the one-carbon pool by folate, purine metabolism, pyrimidine metabolism, DNA replication and sphingolipid metabolism were downregulated after AIL treatment. In the revere test, PHGDH overexpression but not exogenous serine supplementation clearly attenuated the effects of AIL on OS cells. Taken together, AIL exerts antitumor effects on OS through mediating metabolic reprogramming, at least in part, by suppressing the SSP. Our findings suggest that AIL could emerge as a potential therapeutic strategy in OS.
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Introduction

Osteosarcoma (OS) is the most common primary bone sarcoma, affecting mainly adolescents and young adults (1). The survival of patients with OS has improved considerably with the advent of multi-drug chemotherapy regimen including high-dose methotrexate, doxorubicin, cisplatin and ifosfamide since the late 1970s (2). However, frequent acquisition of drug-resistance becomes an obstacle to its treatment, patients who do not respond to chemotherapy have an overall survival of only 20-25% at 5 years (3, 4). During the past 30 years, OS therapy and prognosis had only modest improvements (5). New alternative anticancer agents for OS are in urgent need.

Metabolic reprogramming is a hallmark of malignancy (6). This metabolic alteration allows tumors to achieve excessive cell growth, proliferation, metastasis potential, as well as drug-resistance (7). Ongoing studies have revealed that the origin and development of OS are associated with alterations in metabolic pathways. For instance, OS cells have higher mitochondrial biogenesis compared to normal osteoblasts (8). Metabolic shift from oxidative phosphorylation to glycolysis promotes proliferation in osteosarcoma (9) while a higher glycolysis rate of OS cells confers to their cisplatin-resistant property (10). Recent studies reported that activation of the serine biosynthetic pathway (SSP) drives oncogenesis and contributes to tumor growth (11–13). The upregulation of the first rate-limiting enzyme of the SSP, 3-phosphoglycerate dehydrogenase (PHGDH), has been identified in a large subset of cancers (13–20). OS cell lines including Saos-2, U2-OS, MG63, MNNG and NOS1 were found to have significantly higher PHGDH protein expression than that of mesenchymal cells. Clinically, higher PHGDH protein expression was correlated with poorer outcomes (21). Given the important role of metabolic reprogramming in OS, targeting the metabolic pathways might provide a new therapeutic strategy for this disease.

In this study, we identified that Ailanthone (AIL), a quassinoid extracted from the traditional Chinese medicine plant Ailanthus altissima (22), exhibited significant antitumor activity in OS in vitro and in vivo. Mechanistically, combined transcriptomics, proteomics and metabolomics analysis revealed that AIL induced widespread changes in metabolic programs in OS cells. In particular, the SSP was the most significantly affected pathway by AIL treatment. Moreover, many downstream pathways of the SSP were downregulated. In the reverse test, PHGDH overexpression clearly reduced the inhibitory effects of AIL on OS cells, revealing a mechanistic link between AIL and the SSP. Overall, our findings indicate that AIL suppresses OS cell growth through mediating metabolic reprogramming, suggesting that AIL could be used as a promising therapeutic candidate in OS treatment.



Materials and Methods


Cell Culture and Proliferation Assay

Human Saos-2 and U-2OS OS cells were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cell lines were routinely cultured in DMEM (#8119283, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, #10270-106, Gibco), 100 μg/mL streptomycin, and 100 U/mL penicillin at 37°C in an incubator with a constant airflow of 5% CO2 and 95% O2. As for reverse test, the above-mentioned medium was supplemented with extra 400 μM serine (#GA10157, GlpBio Technology, CA, USA) in the serine supplementation group. AIL (#GC31742, molecular weight, 376.4, purity > 98.00%, GlpBio Technology) was dissolved to 10mM in dimethyl sulfoxide (DMSO, #D4540, Sigma-Aldrich, St. Louis, MO, USA) and stored at -80°C. The final concentrations were 0.039-10 μM. Cell proliferation assay was performed using Cell Counting Kit-8 (CCK-8, #96992, Dojindo Molecular Technologies, Dojindo, Japan). The absorbance value was measured at a wavelength of 450 nm, with the reference wavelength set at 630 nm. Data were collected from three independent experiments, and the AIL-induced cell growth inhibition rate was calculated by comparison to untreated control cells.



Wound Healing Assay

The migration ability of OS cells was detected using a wound healing assay as outlined previously (23). Briefly, OS cells in a 6-well plate were carefully scratched using 10 μL sterile pipette tips. Subsequently, the cells were washed twice and were cultured in DMEM with different concentrations (0, 0.01, 0.05 and 0.1 μM) of AIL for 24 h. Images were then taken to determine the width of the wound using a microscope (10× objective) (1×71, Olympus).



Transwell Assay

Transwell assays were performed using Boyden chambers (Corning Inc., Corning, NY, USA) as previously described (24). Briefly, OS cells were treated with AIL at various concentrations for 24h. Next, 1×105 cells viable cells (confirmed by trypan blue exclusion) from each well were seeded in serum-free medium onto the Matrigel-coated upper chamber, while complete medium was added in the lower compartment as a chemoattractant. After incubation of 24 h, the cells that migrated through the filter were fixed and stained (23). The invading cells were evaluated in five random fields under the microscope, and images were obtained.



Apoptosis Analysis

OS cells were seeded in 6-cm plates and incubated with different concentrations of AIL. After 24 h, all the cells including the floating and adherent ones were harvested and stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) apoptosis detection kit (#556547, BD Biosciences Pharmingen, San Diego, CA, USA) according to the manufacturer’s protocols. The resulting fluorescence was assessed by fluorescence-activated cell sorting scan (FACS) flow cytometry (Becton Dickinson, Mountain View, CA, USA) as reported previously (25).



Cell Cycle Analysis

After being treated with different concentrations of AIL for 24 h, the OS cells were harvested and fixed with 70% ethanol overnight at -20°C and stained with PI. The DNA content was detected using a FACS flow cytometry (Becton Dickinson) according to the manufacturer’s protocols. The cell cycle distribution was determined using FlowJo software 8.7.1 (Tree Star, Inc., Ashland, OR, USA).



TMT-Based Quantitative Proteomics

Tandem mass tag (TMT)-based quantitative proteomic analysis was carried out on Saos-2 cells treated with IC50 (0.20 μM) of AIL or DMSO for 24 h (3 biological replicates each group). A schematic description of the experimental design and data process strategy is presented in Figure 5A. SDT (4%SDS, 100mM Tris-HCl, 1mM DTT, pH7.6) buffer was used for cell lysis and protein extraction. Quantitative proteomic analysis was performed at Shanghai Applied Protein Technology Co., Ltd as described previously (26). Briefly, 100 μg peptide of each sample was labeled using TMT-6-plex Isobaric Label Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Then, the labeled peptides were separated into 10 fractions using the High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific). Each fraction was separated with EASY-nLC 1000 Liquid Chromatograph (Thermo Fisher Scientific) and then subjected to LC-MS/MS analysis on a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific) for 60 min. The MS raw data for each sample were searched using the MASCOT engine (version 2.2, Matrix Science, London, UK) embedded into Proteome Discoverer 1.4 software (Thermo Fisher Scientific) against the SwissProt human proteome database (20395 items, released on 2021.01.06) concatenated with reverse decoy database for identification and quantitation analysis. All identified proteins were determined using a false discovery rate (FDR) threshold of ≤ 0.01. The methods for protein quantification were as followed: first, the ratio of label signals was output and calculated as a ratio to the reference sample; secondly, the necessary normalization on protein median was performed to eliminate experimental error utilizing Correcting Experimental Bias function with built-in settings in Proteome Discoverer 1.4 software (Thermo Fisher Scientific); finally, the protein is quantified based on the median of the relative intensity of the unique peptide of each protein.



RNA-Seq Analysis

Cell culture and AIL treatment were the same as those in quantitative proteomic analysis. RNA samples were prepared using TRIzol (#15596026, Invitrogen) and subjected to RNA-seq analysis by Genome Center, WuXi App Tec as reported previously (27). Generally, 1 μg of qualified RNA (RIN > 8.0) was used as input for library construction following the Illumina TruSeq RNA Sample Preparation protocol. Then, RNA libraries were sequenced on an Illumina NovaSeq 6000 platform, PE 2×150bp. The average data yield for each sample was 20M PE reads with % of Q30 bases > 90. Subsequently, RNA-seq reads of each sample were aligned to the human genome (build 38) using short reads aligner STAR (version 2.5.1b). Gene annotation and quantification were then performed using RSEM24 with GENCODE annotation (release 24: http://www.gencodegenes.org).



Untargeted Metabolomic Relative Quantitative Analysis

Untargeted metabolomics profiling of Saos-2 cells treated with AIL or DMSO was performed using ultra-high-performance liquid chromatography (1290 Infinity LC, Agilent Technologies, USA) coupled with a quadrupole time-of-flight system (AB Sciex TripleTOF 6600, AB SCIEX, USA) at Shanghai Applied Protein Technology Co., Ltd. Briefly, the cell samples were collected in 15-mL Vacutainer tubes and then centrifuged for 15 minutes. Aliquots of the samples were stored at −80°C for use. Then the samples were thawed at 4°C, and 100-μL aliquots were mixed with 400 μL of cold methanol/acetonitrile (1:1, v/v) to remove the protein. The mixture was centrifuged for 20 minutes. The supernatants were dried in a vacuum centrifuge. Detailed experimental procedures for mass spectrometry and data process methods are described previously (28). After normalization to the total peak intensity, the data were exported to the SIMCA-P software for multivariate data analysis to screen for differential metabolites.



qRT-PCR Assay

The mRNA levels of PHGDH, phosphoserine aminotransferase 1 (PSAT1) and phosphoserine phosphatase (PSPH) were detected using a PrimeScript RNA RT-PCR Kit (#Q711-03, Vazyme Biotech co., ltd, Nanjing, China) according to the manufacturer’s protocol. The primer pairs are shown in Table 1. The relative mRNA levels were calculated using the 2−ΔΔCt method.


Table 1 | The qRT-PCR primers.





Western Blot Assay

Expression of proteins in OS cells was quantified using a BCA Protein Assay Reagent Kit (#23228, Thermo Fisher Scientific) as described previously (23). The rabbit polyclonal cleaved-Caspase-3 (#9664), BCL-2 (#3498), BAX (#5023), cyclinD1 (#55506) and CDK4 (#12790) antibodies were purchased from Cell Signaling Technology (Boston, USA). The PHGDH (#14719-1-AP), PSAT1 (#10501-1-AP) and PSPH (#14513-1-AP) antibodies were purchased from Proteintech Group, Inc. (Chicago, IL, USA), and the band density was quantified using ImageJ software 1.8.0 (National Institutes of Health, Bethesda, MD, USA).



Construction of the Plasmids and Transfection

The PHGDH overexpression pcDNA3.1 plasmid was constructed by Genechem Co., Ltd. (Shanghai, China). The plasmid was transfected into Saos-2 and U-2OS cells using Lipofectamine 3000 (#L3000015, Invitrogen) following the manufacturer’s protocol.



Mice Xenograft Experiment

The animal study was performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals approved by the Scientific Investigation Board of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. 5×106 Saos-2 cells were suspended in 75 μL serum-free DMEM and combined with 75 μL of Matrigel (#356235, Corning, NY, USA), and then the mixture was injected into the right hind thigh of 6-8 weeks NOD-Prkdcscid Il2rgem1/Smoc (NSG) mice (Model organisms center, Shanghai, China). Cell line-derived xenografts were allowed to grow to an average volume of 100 mm3, then mice were intraperitoneally injected with AIL (2mg kg-1) or DMSO (as controls) every 3 days. Length and width of resulting tumors as well as weight of mice were measured every 5 days, and tumor volumes were calculated using the formula (length×width2)/2. Mice were sacrificed and tumors were harvested 30 days after treatment initiation.



Bioinformatics Analysis and Statistics

For proteomics analysis, Perseus software (v1.6.5.0) was used. Differentially ex-pressed proteins (DEPs) were filtered at P < 0.05 and with a fold change of ≥ 1.2 or ≤ 0.83. Gene Ontology (GO) annotation for DEPs was performed using the DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/). Moreover, proteome and transcriptome data were subjected to Gene Set Enrichment Analysis (GSEA) separately based on the whole gene set with the rank list of all the available expression values. C2.cp.kegg from the Molecular Signatures Database (MSigDB, v7.4) were selected as gene sets for the KEGG pathway enrichment analysis. Significantly enriched pathways were selected at a level of 0.05 norminal P-value and 0.25 FDR q-value. Subsequently, enriched pathways from proteome and transcriptome data were combined to determine the pathway that was most significantly affected by AIL treatment.

For metabolomics data, differentially expressed metabolites were determined using an unpaired Student’s t-test. The variable importance in the projection (VIP) value >1 and P < 0.05 was considered as statistically significant. The above-obtained metabolites were blasted against the online KEGG database to retrieve their Compounds and were subsequently subjected to enrichment analysis. Only pathways with P-values under a threshold of 0.05 were considered as significantly changed pathways.

The non-omics data analysis was performed using GraphPad Prism 7 (GraphPad Software Inc., CA, USA). P values were two-tailed, and P < 0.05 was considered statistically significant. Continuous variables are presented as the mean ± SD.




Results


AIL Inhibited Proliferation, Migration and Invasion of OS Cells In Vitro

The proliferation assay revealed that AIL significantly inhibited the proliferation of Saos-2 and U-2OS cells in a dose and time-dependent manner (Figure 1A). The IC50 at 24 h was determined to be 0.20 and 0.13 μM for the Saos-2 and U-2OS cells, respectively. Wound healing assays and Transwell assays were performed to determine the migratory and invasive abilities of OS cells. As shown in Figures 1B, D, compared with the migration rates of the control group, the migration rates of the Saos-2 and U-2OS cells treated with AIL were decreased dose-dependently. In the Transwell assay, AIL dose-dependently suppressed OS cell invasion (Figures 1C, D).




Figure 1 | AIL inhibited proliferation, migration and invasion of OS cells. (A) After exposure to various concentrations (0.039-10 µM) of AIL for 24 h and 48h, the viability of Saos-2 and U-2OS cells was assessed with a CCK-8 assay. The cell viability decreased dose- and time-dependently. (B) After incubation with various concentrations of AIL, the wound healing assay indicated that AIL impaired wound healing dose-dependently. (C) Transwell assays showed that the invasion rates of OS cells decreased dose-dependently in the AIL groups. (D) Comparisons of the migration rates and relative invasion rates between the AIL and control groups are shown (***P < 0.001 compared with the control).





AIL Suppressed Subcutaneously Xenografted OS Tumor Growth

To evaluated the efficacy of AIL in vivo, we treated Saos-2 xenografts in nude mice with AIL every 3 days. As a result, AIL significantly inhibited the increase of tumor volume in Saos-2 xenografts (Figure 2A). Mice were sacrificed after treatment, the mean tumor volume in AIL-treated mice was significantly lower than that in DMSO-treated mice (Figures 2B, C). In addition, there was no significant difference in mice weight between the two groups (Figure 2D), indicating that the dose of AIL was well tolerated.




Figure 2 | AIL inhibited subcutaneously xenografted tumor growth. (A) Saos-2 tumor-bearing mice were treated with AIL or DMSO intraperitoneally. The tumor volumes were measured every 5 days, growth curves for tumor proliferation were drawn accordingly (***P < 0.001). (B, C) Mice were sacrificed and tumors were harvested (30 days after treatment), the mean tumor volume in AIL-treated mice and DMSO-treated mice was 2739 ± 796 mm3 and 760 ± 282 mm3, respectively (***P < 0.001). (D) There was no significant difference in mice weight between the two groups.





AIL Induced Apoptosis and Cell Cycle Arrest in OS Cells

Since AIL showed a significant inhibitory effect on OS cell growth both in vitro and in vivo, we next explored the mechanism of action. As a result, AIL induced apoptosis in Saos-2 and U-2OS cells dose-dependently, which was supported by the downregulation of BCL-2 protein and upregulation of cleaved-Caspase-3 and BAX protein by Western blot assay (Figure 3). Cell cycle analysis showed that the S phase was significantly decreased, while the G1 phase was significantly increased in Saos-2 and U-2OS cells after AIL treatment (Figures 4A, B). G1-S transition related protein cyclinD1 and CDK4 were downregulated dose-dependently (Figures 4C, D). The results indicated that AIL blocked G1-S transition in OS cells in a dose-dependent manner.




Figure 3 | AIL induced apoptosis in OS cells. (A) Saos-2 and U-2OS cells were, respectively, treated with AIL at different concentrations (0, 0.1, 0.2 or 0.4 μ M) for 24 h. Then cells were stained with Annexin V-FITC and PI and then subjected to flow cytometry analysis of cell apoptosis. (B) Data of the percentage of apoptosis at various concentrations were pooled from (A). (C) Apoptosis protein analysis. The protein levels of cleaved-Caspase-3, BCL-2 and BAX was determined by Western blot assay. (D) The protein levels were evaluated by ratio values quantified from protein bands of each marker versus GAPDH (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control).






Figure 4 | AIL blocked G1-S cell cycle transition in OS cells. (A) Cell cycle profiles were measured by flow cytometry following treatment of the cells with various concentrations of AIL (0, 0.1, 0.2 or 0.4 μ M) for 24 h. (B) The S phase was significantly decreased, while the G1 phase was significantly increased in Saos-2 and U-2OS cells after AIL treatment (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control). (C) The expression of cell cycle-related protein CyclinD1 and CDK4 was determined by Western blot assay. (D) The protein levels were evaluated by ratio values quantified from protein bands of each marker versus GAPDH (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control).





Treatment With AIL Led to Widespread Changes in Metabolic Programs

To investigate the possible network related to the inhibitory effect of AIL on OS cells, we performed a comparative proteomic analysis in Saos-2 cells treated with AIL or DMSO. In total, 6860 unique proteins (5684 proteins identified with at least two peptide fragments) were identified with high confidence (FDR ≤ 0.01). Among them, 6831 proteins were quantifiable (5674 proteins were quantifiable with at least two peptide fragments). 899 DEPs (342 upregulated and 557 downregulated, Supplementary Table 1) were filtered at P < 0.05 and fold change ≥ 1.2 or ≤ 0.83. The classification of DEPs by GO database annotation showed that 617 (68.6%) proteins are involved in the metabolic process (Figure 5B), suggesting that AIL treatment leads to widespread changes in metabolic programs in OS cells. To identify the specific signaling pathways in detail, GSEA was performed. As a result, 28 KEGG pathways were significantly enriched (Figure 5C). Furthermore, we performed RNA-Seq analysis to interrogate changes at transcript level in OS cells exposed to AIL. GSEA analysis revealed that 30 KEGG pathways were significantly enriched (Figure 5D). Then we combined the significantly enriched pathways from proteome and transcriptome data, we found out that 7 KEGG pathways were common (Figure 5E). Among the 7 common pathways, the serine biosynthetic or metabolic pathway was the pathway most significantly changed (Figures 5C–G). Notably, the GSEA Blue-Pink O’gram (Figure 5H) revealed that PHGDH, PSPH and PSAT1, the three rate-limiting enzymes in SSP, are the top three downregulated proteins. These bioinformatic results suggested that the SSP is a key target of AIL in OS cells. Serine is a precursor to folate, which is the principal donor of one-carbon units (29, 30), it serves as a major source of metabolic intermediates that are required for nucleotide synthesis. Serine is also the precursor to sphingolipids (29, 31–33). Interestingly, GSEA results indicated that the one-carbon pool by folate, DNA replication and sphingolipid metabolism pathways were among the 7 common pathways downregulated by AIL treatment (Figures 5E, I–K). These data further support the connection between the effects of AIL and the SSP.




Figure 5 | Proteomics and transcriptomics analysis of AIL treated Saos-2 cells identified the SSP as a key target. (A) Schematic overview of proteomics and transcriptomics analysis of Saos-2 cells treated with AIL or DMSO. (B) Gene ontology (GO) annotation showed that 617 (68.6%) out of the 899 differentially expressed proteins are involved in metabolic process. (C) GSEA of proteome data, showing the top 20 significant altered KEGG pathways after AIL treatment. (D) GSEA of transcriptome data, showing the top 20 significant altered KEGG pathways after AIL treatment. (E) Details of the 7 common KEGG pathways from proteome and transcriptome data. (F) Volcano plot of the global profile of proteins after AIL treatment, marked black proteins are involved in the serine biosynthetic or metabolic pathway. (G) Volcano plot of the global profile of mRNA after AIL treatment, marked black genes are involved in the serine biosynthetic or metabolic pathway. (H) Enrichment plot and Blue-Pink O’gram of the glycine, serine and threonine metabolism pathway from proteome and transcriptome data. (I) Enrichment plots of the KEGG one-carbon pool by folate pathway from proteome and transcriptome data. (J) Enrichment plots of the KEGG DNA replication pathway from proteome and transcriptome data. (K) Enrichment plots of the KEGG sphingolipid metabolism pathway from proteome and transcriptome data.





Treatment With AIL Led to Reduced SSP Expression

To validate the changes of SSP expression induced by AIL, we measured the expression of mRNA and protein of the SSP in Saos-2 and U-2OS cells using qRT-PCR and Western blot assay, respectively. In line with the RNA-Seq-based gene expression, all of the PHGDH, PSAT1 and PSPH mRNA was downregulated significantly in both of the two cell lines after AIL treatment (Figure 6A). Similarly, protein expression of each enzyme in the SSP was confirmed to be downregulated by AIL dose-dependently (Figures 6B, C).




Figure 6 | Treatment with AIL led to reduced SSP expression. (A) qRT-PCR revealed that the PHGDH, PSAT1 and PSPH mRNA levels were downregulated by AIL dose-dependently in Saos-2 and U-2OS cells (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control). (B) The expression of PHGDH, PSAT1 and PSPH protein was downregulated by AIL dose-dependently in Saos-2 and U-2OS cells. (C) Data of relative protein level were pooled from three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control).





Treatment With AIL Led to Reduced Intermediate Metabolites of the SSP and Its Downstream Pathways

Since the above-mentioned data suggested that the effects of AIL are associated with changes in metabolic programs, untargeted metabolomics with high resolution, high throughput, and highly sensitive technology was performed to execute a large‐scale detection of the metabolite features after AIL treatment (Figure 7A). As shown in Figure 7B, 21 KEGG pathways were significantly enriched, out of which, 13 were involved in metabolism and Supplementary Table 2. To be noted, glycine serine and threonine metabolism was one of the pathways that are changed the most. And then, we asked about the change of intermediate metabolites of the SSP. As expected, the relative levels of 3-phosphohydroxypyruvate, 3-phosphoserine and serine in OS cells were reduced significantly after AIL treatment (Figures 7A, C). Serine is important in metabolism in that it participates in the biosynthesis of purines, pyrimidines and sphingolipids. Interestingly, the intermediate metabolites of the downstream pathways of the SSP including the purine metabolism, pyrimidine metabolism and sphingolipid metabolism were also downregulated significantly (Figure 7C). These results are in line with the data at mRNA and protein levels. Taken together, we proposed that AIL inhibited proliferation, migration and invasion of OS cells by downregulating the SSP, further downregulating the pathways of one-carbon pool by folate, purine metabolism, pyrimidine metabolism, DNA replication and sphingolipid metabolism (Figure 7D).




Figure 7 | Treatment with AIL led to reduced intermediate metabolites of the SSP and its downstream pathways. (A) Volcano plot of the global profile of metabolites after AIL treatment, marked black metabolites are involved in the serine biosynthetic or metabolic pathway. (B) KEGG enrichment of differentially expressed metabolites, showing 21 significantly enriched pathways after AIL treatment. (C) Fold-changes in the intermediate metabolites of the SSP and its downstream pathways (*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control). (D) Proposed schematic overview of the antitumor mechanism of AIL in OS.





Overexpression of PHGDH but Not Exogenous Serine Supplementation Reversed the Effects of AIL on OS Cells

To further determine the functional importance of the SSP in AIL effects, the PHGDH in OS cells were overexpressed by the treatment with IC50 of AIL (Figures 8A, B). Besides, we supplemented exogenous serine in the media to explore if downregulation of serine biosynthesis by AIL can be compensated for with exogenous serine. As expected, the viability of Saos-2 and U-2OS cells significantly increased in the PHGDH overexpression group compared with that in the negative control group. However, the inhibitory effect of AIL on OS cell proliferation can’t be reversed by exogenous serine supplementation. Moreover, exogenous serine supplementation didn’t affect the reverse effect of PHGDH overexpression (Figure 8C). Similarly, the wound healing assay and Transwell assay revealed that overexpression of PHGDH but not exogenous serine supplementation attenuated the suppression of AIL on the migration and invasion of OS cells (Figures 8D–F). These data demonstrated that AIL suppresses OS cells through downregulating the serine de novo biosynthesis but not exogenous serine importation.




Figure 8 | Overexpression of PHGDH but not exogenous serine supplementation reversed the effects of AIL on OS cells. (A, B) Overexpression efficiency of PHGDH was verified by qRT-PCR and Western blot assay. (C) OS cells were assigned to five groups: negative control (NC) treated with DMSO (DMSO + NC), NC treated with AIL (AIL + NC), PHGDH overexpression treated with AIL (AIL + PHGDH), NC treated with AIL and serine (AIL + NC + Serine), PHGDH overexpression treated with AIL and serine (AIL + PHGDH + Serine). The viability ratio of Saos-2 and U-2OS cells in the AIL + PHGDH group and AIL + PHGDH + Serine group but not in the AIL + NC + Serine group was significantly higher than that in the AIL + NC group (**P < 0.01, ***P < 0.001 compared with the DMSO + NC group, ###P < 0.001 compared with the AIL + NC group). (D) The wound healing assay revealed that overexpression of PHGDH but not exogenous serine supplementation reversed the suppressive effect of AIL on the migration of OS cells. (E) The Transwell assay demonstrated that overexpression of PHGDH but not exogenous serine supplementation reversed the suppressive effect of AIL on OS cell invasion. (F) Comparisons of the migration rates and relative invasion rates between the NC group and the other groups are shown (***P < 0.001, nsP > 0.05).






Discussion

In the past decade, an increasing number of studies have focused on AIL due to its antitumor activity in a variety of malignances, including leukemia, lung, breast, gastric, liver and prostate cancer (22, 34–38). However, the effects of AIL on OS remain largely unexplored. In this study, we found that AIL dose-dependently inhibited cell proliferation, migration and invasion while inducing G1-S cell cycle arrest and apoptosis in Saos-2 and U-2OS cells. Our results were similar to that of researches in gastric and liver cancer (37, 38).

The antitumor mechanism of AIL differs a lot in different cancer types (39). To explore the underlying networks that are regulated by AIL in OS cells, we performed combined transcriptomics, proteomics and metabolomics analysis. The results revealed that AIL induced widespread changes in metabolic programs in OS cells. In particular, AIL treatment led to significantly reduced SSP at transcript, protein, as well as metabolite levels. Then we selected the SSP for further validation, not only because the SSP was the pathway most significantly affected by AIL, but also because the SPP was confirmed to be abnormally activated in OS and serine is a central hub of cancer metabolism (21). The SSP represents a crucial turning point in glucose conversion (40). It converts the glycolytic intermediate, 3-phosphoglycerate, to serine via three sequential enzymes PHGDH, PSAT1 and PSPH. Serine is then converted to glycine, concomitantly charging the folate pool with one-carbon units (29, 30, 41–43). Both glycine and folate one-carbon units are used to make nucleotides. Serine is also required for the synthesis of sphingolipids, a major component of cellular membranes (31–33). Moreover, serine biosynthesis affects cellular antioxidative capacity, thus maintaining tumor homeostasis (11, 20). Hyperactive SPP frequently enables cancer cells to survive and proliferate irrespective of the availability of exogenous serine (44, 45).

In the subsequent experiments, the transcript and protein levels of the SSP genes (PHGDH, PSAT1 and PSPH) were confirmed to be downregulated dose-dependently by AIL in OS cells using qRT-PCR or Western blot assay. To validate the key role of the SSP, the reverse test was performed. As expected, after overexpressing PHGDH, the suppression of AIL on OS cell proliferation, migration, and invasion was clearly reduced. We reason that inhibition of de novo serine biosynthesis causes failure to fuel the subsequent DNA synthesis and cellular membrane production, which are essential to cancer proliferation. This proposed mechanism was further supported by the downregulation of several downstream pathways of the SSP and the cell cycle arrest in OS cells after AIL treatment. Similarly, Ni et al. reported that AIL inhibited non-small cell lung cancer cell growth through repressing DNA synthesis (35). Proliferating cells can import serine exogenously or through de novo serine biosynthesis via the SSP. However, we found that exogenous serine supplementation didn’t reverse the effects of AIL on OS cells. We then asked why PHGDH inhibition cannot be compensated for with exogenous serine, one possible explanation is the relatively low-baseline mRNA expression of the serine transporter SLC1A5 in OS cells, as shown in data from the Cancer Cell Line Encyclopedia (46). Indeed, the detailed mechanistic understanding of why some cancer cells are addicted to serine synthesis despite the availability of extracellular serine for import remains unclear (47).

The importance of the metabolic pathways is underlined in OS by the fact that the inhibitor of dihydrofolate reductase methotrexate is one of the most effective chemotherapeutic agents for OS (48). Given the feasibility of regimens targeting the folate pathway in OS, inhibition of the upstream SSP deserves to be explored as a possible replacement for the toxic high-dose methotrexate, especially for patients who do not benefit from methotrexate.

In summary, our study demonstrated that AIL significantly inhibited OS cell proliferation, migration and invasion through targeting metabolic pathways, at least in part, by suppressing the SSP. AIL is worthy to be further explored as a candidate for the treatment of OS.



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 in the article/Supplementary Material.



Ethics Statement

The animal study was reviewed and approved by the Scientific Investigation Board of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital.



Author Contributions

JZ, XL and HH designed the research. YZha, RG and XS performed the in vitro research. YZha and JL completed the animal study. YL and YZho contributed to bioinformatic analysis. YgW, LT and AH performed the non-omics data analysis. WY and YlW prepared the figures. ZS and YY polished the English translation. XL and JZ wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (82072967), Shanghai Senior Integrative Chinese and Western Medicine Talents Program (ZY(2018-2020)-RCPY-2017) and Shanghai Pujiang Program (21PJD051).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.842406/full#supplementary-material

  


  

References

1. Zhou, Y, Yang, D, Yang, Q, Lv, X, Huang, W, Zhou, Z, et al. Single-Cell RNA Landscape of Intratumoral Heterogeneity and Immunosuppressive Microenvironment in Advanced Osteosarcoma. Nat Commun (2020) 11(1):6322. doi: 10.1038/s41467-020-20059-6

2. Bielack, SS, Smeland, S, Whelan, JS, Marina, N, Jovic, G, Hook, JM, et al. Methotrexate, Doxorubicin, and Cisplatin (MAP) Plus Maintenance Pegylated Interferon Alfa-2b Versus MAP Alone in Patients With Resectable High-Grade Osteosarcoma and Good Histologic Response to Preoperative MAP: First Results of the EURAMOS-1 Good Response Randomized Controlled Trial. J Clin Oncol (2015) 33(20):2279–87. doi: 10.1200/JCO.2014.60.0734

3. Hawkins, DS, and Arndt, CA. Pattern of Disease Recurrence and Prognostic Factors in Patients With Osteosarcoma Treated With Contemporary Chemotherapy. Cancer (2003) 98(11):2447–56. doi: 10.1002/cncr.11799

4. Marina, NM, Smeland, S, Bielack, SS, Bernstein, M, Jovic, G, Krailo, MD, et al. Comparison of MAPIE Versus MAP in Patients With a Poor Response to Preoperative Chemotherapy for Newly Diagnosed High-Grade Osteosarcoma (EURAMOS-1): An Open-Label, International, Randomised Controlled Trial. Lancet Oncol (2016) 17(10):1396–408. doi: 10.1016/S1470-2045(16)30214-5

5. Isakoff, MS, Bielack, SS, Meltzer, P, and Gorlick, R. Osteosarcoma: Current Treatment and a Collaborative Pathway to Success. J Clin Oncol (2015) 33(27):3029–35. doi: 10.1200/JCO.2014.59.4895

6. Faubert, B, Solmonson, A, and DeBerardinis, RJ. Metabolic Reprogramming and Cancer Progression. Science (2020) 368(6487):eaaw5473. doi: 10.1126/science.aaw5473

7. Song, HT, Qin, Y, Yao, GD, Tian, ZN, Fu, SB, and Geng, JS. Astrocyte Elevated Gene-1 Mediates Glycolysis and Tumorigenesis in Colorectal Carcinoma Cells via AMPK Signaling. Mediators Inflamm (2014) 2014:287381. doi: 10.1155/2014/287381

8. Chen, J, Xu, X, and Fan, M. Inhibition of Mitochondrial Translation Selectively Targets Osteosarcoma. Biochem Biophys Res Commun (2019) 515(1):9–15. doi: 10.1016/j.bbrc.2019.05.070

9. Zhu, R, Li, X, and Ma, Y. miR-23b-3p Suppressing PGC1alpha Promotes Proliferation Through Reprogramming Metabolism in Osteosarcoma. Cell Death Dis (2019) 10(6):381. doi: 10.1038/s41419-019-1614-1

10. Wen, JF, Jiang, YQ, Li, C, Dai, XK, Wu, T, and Yin, WZ. LncRNA-SARCC Sensitizes Osteosarcoma to Cisplatin Through the miR-143-Mediated Glycolysis Inhibition by Targeting Hexokinase 2. Cancer Biomark (2020) 28(2):231–46. doi: 10.3233/CBM-191181

11. Amelio, I, Cutruzzola, F, Antonov, A, Agostini, M, and Melino, G. Serine and Glycine Metabolism in Cancer. Trends Biochem Sci (2014) 39(4):191–8. doi: 10.1016/j.tibs.2014.02.004

12. Li, AM, and Ye, J. Reprogramming of Serine, Glycine and One-Carbon Metabolism in Cancer. Biochim Biophys Acta Mol Basis Dis (2020) 1866(10):165841. doi: 10.1016/j.bbadis.2020.165841

13. Locasale, JW, Grassian, AR, Melman, T, Lyssiotis, CA, Mattaini, KR, Bass, AJ, et al. Phosphoglycerate Dehydrogenase Diverts Glycolytic Flux and Contributes to Oncogenesis. Nat Genet (2011) 43(9):869–74. doi: 10.1038/ng.890

14. Mullarky, E, Mattaini, KR, Vander Heiden, MG, Cantley, LC, and Locasale, JW. PHGDH Amplification and Altered Glucose Metabolism in Human Melanoma. Pigment Cell Melanoma Res (2011) 24(6):1112–5. doi: 10.1111/j.1755-148X.2011.00919.x

15. Svoboda, LK, Teh, SSK, Sud, S, Kerk, S, Zebolsky, A, Treichel, S, et al. Menin Regulates the Serine Biosynthetic Pathway in Ewing Sarcoma. J Pathol (2018) 245(3):324–36. doi: 10.1002/path.5085

16. Jia, XQ, Zhang, S, Zhu, HJ, Wang, W, Zhu, JH, Wang, XD, et al. Increased Expression of PHGDH and Prognostic Significance in Colorectal Cancer. Transl Oncol (2016) 9(3):191–6. doi: 10.1016/j.tranon.2016.03.006

17. Song, Z, Feng, C, Lu, Y, Lin, Y, and Dong, C. PHGDH Is an Independent Prognosis Marker and Contributes Cell Proliferation, Migration and Invasion in Human Pancreatic Cancer. Gene (2018) 642:43–50. doi: 10.1016/j.gene.2017.11.014

18. Zhu, J, Ma, J, Wang, X, Ma, T, Zhang, S, Wang, W, et al. High Expression of PHGDH Predicts Poor Prognosis in Non-Small Cell Lung Cancer. Transl Oncol (2016) 9(6):592–9. doi: 10.1016/j.tranon.2016.08.003

19. Rinaldi, G, Pranzini, E, Van Elsen, J, Broekaert, D, Funk, CM, Planque, M, et al. In Vivo Evidence for Serine Biosynthesis-Defined Sensitivity of Lung Metastasis, But Not of Primary Breast Tumors, to Mtorc1 Inhibition. Mol Cell (2021) 81(2):386–97.e7. doi: 10.1016/j.molcel.2020.11.027

20. Samanta, D, Park, Y, Andrabi, SA, Shelton, LM, Gilkes, DM, and Semenza, GL. PHGDH Expression Is Required for Mitochondrial Redox Homeostasis, Breast Cancer Stem Cell Maintenance, and Lung Metastasis. Cancer Res (2016) 76(15):4430–42. doi: 10.1158/0008-5472.CAN-16-0530

21. Rathore, R, Caldwell, KE, Schutt, C, Brashears, CB, Prudner, BC, Ehrhardt, WR, et al. Metabolic Compensation Activates Pro-Survival Mtorc1 Signaling Upon 3-Phosphoglycerate Dehydrogenase Inhibition in Osteosarcoma. Cell Rep (2021) 34(4):108678. doi: 10.1016/j.celrep.2020.108678

22. He, Y, Peng, S, Wang, J, Chen, H, Cong, X, Chen, A, et al. Ailanthone Targets P23 to Overcome MDV3100 Resistance in Castration-Resistant Prostate Cancer. Nat Commun (2016) 7:13122. doi: 10.1038/ncomms13122

23. Zhang, JJ, Zhou, XH, Zhou, Y, Wang, YG, Qian, BZ, He, AN, et al. Bufalin Suppresses the Migration and Invasion of Prostate Cancer Cells Through HOTAIR, the Sponge of miR-520b. Acta Pharmacol Sin (2019) 40(9):1228–36. doi: 10.1038/s41401-019-0234-8

24. Li, Y, Zhang, J, Ma, D, Zhang, L, Si, M, Yin, H, et al. Curcumin Inhibits Proliferation and Invasion of Osteosarcoma Cells Through Inactivation of Notch-1 Signaling. FEBS J (2012) 279(12):2247–59. doi: 10.1111/j.1742-4658.2012.08607.x

25. Zhang, J, Sha, J, Zhou, Y, Han, K, Wang, Y, Su, Y, et al. Bufalin Inhibits Proliferation and Induces Apoptosis in Osteosarcoma Cells by Downregulating MicroRNA-221. Evid Based Complement Alternat Med (2016) 2016:7319464. doi: 10.1155/2016/7319464

26. Zheng, Q, Li, G, Wang, S, Zhou, Y, Liu, K, Gao, Y, et al. Trisomy 21-Induced Dysregulation of Microglial Homeostasis in Alzheimer’s Brains Is Mediated by USP25. Sci Adv (2021) 7(1):eabe1340. doi: 10.1126/sciadv.abe1340

27. Yu, P, Wilhelm, K, Dubrac, A, Tung, JK, Alves, TC, Fang, JS, et al. FGF-Dependent Metabolic Control of Vascular Development. Nature (2017) 545(7653):224–8. doi: 10.1038/nature22322

28. Lu, L, Li, H, Wu, X, Rao, J, Zhou, J, Fan, S, et al. HJC0152 Suppresses Human Non-Small-Cell Lung Cancer by Inhibiting STAT3 and Modulating Metabolism. Cell Prolif (2020) 53(3):e12777. doi: 10.1111/cpr.12777

29. de Koning, TJ, Snell, K, Duran, M, Berger, R, Poll-The, BT, and Surtees, R. L-Serine in Disease and Development. Biochem J (2003) 371(Pt 3):653–61. doi: 10.1042/BJ20021785

30. Li, AM, Ducker, GS, Li, Y, Seoane, JA, Xiao, Y, Melemenidis, S, et al. Metabolic Profiling Reveals a Dependency of Human Metastatic Breast Cancer on Mitochondrial Serine and One-Carbon Unit Metabolism. Mol Cancer Res (2020) 18(4):599–611. doi: 10.1158/1541-7786.MCR-19-0606

31. Hwang, S, Gustafsson, HT, O’Sullivan, C, Bisceglia, G, Huang, X, Klose, C, et al. Serine-Dependent Sphingolipid Synthesis Is a Metabolic Liability of Aneuploid Cells. Cell Rep (2017) 21(13):3807–18. doi: 10.1016/j.celrep.2017.11.103

32. Muthusamy, T, Cordes, T, Handzlik, MK, You, L, Lim, EW, Gengatharan, J, et al. Serine Restriction Alters Sphingolipid Diversity to Constrain Tumour Growth. Nature (2020) 586(7831):790–5. doi: 10.1038/s41586-020-2609-x

33. Futerman, AH, and Riezman, H. The Ins and Outs of Sphingolipid Synthesis. Trends Cell Biol (2005) 15(6):312–8. doi: 10.1016/j.tcb.2005.04.006

34. Zhang, Y, Zhang, C, and Min, D. Ailanthone Up-Regulates miR-449a to Restrain Acute Myeloid Leukemia Cells Growth, Migration and Invasion. Exp Mol Pathol (2019) 108:114–20. doi: 10.1016/j.yexmp.2019.04.011

35. Ni, Z, Yao, C, Zhu, X, Gong, C, Xu, Z, Wang, L, et al. Ailanthone Inhibits Non-Small Cell Lung Cancer Cell Growth Through Repressing DNA Replication via Downregulating RPA1. Br J Cancer (2017) 117(11):1621–30. doi: 10.1038/bjc.2017.319

36. Gao, W, Ge, S, and Sun, J. Ailanthone Exerts Anticancer Effect by Up-Regulating miR-148a Expression in MDA-MB-231 Breast Cancer Cells and Inhibiting Proliferation, Migration and Invasion. BioMed Pharmacother (2019) 109:1062–9. doi: 10.1016/j.biopha.2018.10.114

37. Chen, Y, Zhu, L, Yang, X, Wei, C, Chen, C, He, Y, et al. Ailanthone Induces G2/M Cell Cycle Arrest and Apoptosis of SGC7901 Human Gastric Cancer Cells. Mol Med Rep (2017) 16(5):6821–7. doi: 10.3892/mmr.2017.7491

38. Zhuo, Z, Hu, J, Yang, X, Chen, M, Lei, X, Deng, L, et al. Ailanthone Inhibits Huh7 Cancer Cell Growth via Cell Cycle Arrest and Apoptosis In Vitro and In Vivo. Sci Rep (2015) 5:16185. doi: 10.1038/srep16185

39. Ding, H, Yu, X, Hang, C, Gao, K, Lao, X, Jia, Y, et al. Ailanthone: A Novel Potential Drug for Treating Human Cancer. Oncol Lett (2020) 20(2):1489–503. doi: 10.3892/ol.2020.11710

40. Kalhan, SC, and Hanson, RW. Resurgence of Serine: An Often Neglected But Indispensable Amino Acid. J Biol Chem (2012) 287(24):19786–91. doi: 10.1074/jbc.R112.357194

41. Tibbetts, AS, and Appling, DR. Compartmentalization of Mammalian Folate-Mediated One-Carbon Metabolism. Annu Rev Nutr (2010) 30:57–81. doi: 10.1146/annurev.nutr.012809.104810

42. Labuschagne, CF, van den Broek, NJ, Mackay, GM, Vousden, KH, and Maddocks, OD. Serine, But Not Glycine, Supports One-Carbon Metabolism and Proliferation of Cancer Cells. Cell Rep (2014) 7(4):1248–58. doi: 10.1016/j.celrep.2014.04.045

43. Garcia-Canaveras, JC, Lancho, O, Ducker, GS, Ghergurovich, JM, Xu, X, da Silva-Diz, V, et al. SHMT Inhibition Is Effective and Synergizes With Methotrexate in T-Cell Acute Lymphoblastic Leukemia. Leukemia (2021) 35(2):377–88. doi: 10.1038/s41375-020-0845-6

44. Possemato, R, Marks, KM, Shaul, YD, Pacold, ME, Kim, D, Birsoy, K, et al. Functional Genomics Reveal That the Serine Synthesis Pathway Is Essential in Breast Cancer. Nature (2011) 476(7360):346–50. doi: 10.1038/nature10350

45. Sun, L, Song, L, Wan, Q, Wu, G, Li, X, Wang, Y, et al. Cmyc-Mediated Activation of Serine Biosynthesis Pathway Is Critical for Cancer Progression Under Nutrient Deprivation Conditions. Cell Res (2015) 25(4):429–44. doi: 10.1038/cr.2015.33

46. Barretina, J, Caponigro, G, Stransky, N, Venkatesan, K, Margolin, AA, Kim, S, et al. The Cancer Cell Line Encyclopedia Enables Predictive Modelling of Anticancer Drug Sensitivity. Nature (2012) 483(7391):603–7. doi: 10.1038/nature11003

47. Mullarky, E, Lucki, NC, Beheshti Zavareh, R, Anglin, JL, Gomes, AP, Nicolay, BN, et al. Identification of a Small Molecule Inhibitor of 3-Phosphoglycerate Dehydrogenase to Target Serine Biosynthesis in Cancers. Proc Natl Acad Sci USA (2016) 113(7):1778–83. doi: 10.1073/pnas.1521548113

48. van Dalen, EC, van As, JW, and de Camargo, B. Methotrexate for High-Grade Osteosarcoma in Children and Young Adults. Cochrane Database Syst Rev (2011) (5):CD006325. doi: 10.1002/14651858.CD006325.pub3




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 © 2022 Zhang, Gong, Liu, Sun, Liang, Zhou, Wang, Yu, Wang, Tang, He, Shen, Yao, Hu, Liu and Zhang. 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.


OEBPS/Images/fonc-12-842406-g005.jpg
G

Saos-2 DMSO control Saos-2AlL 0.2 yM

l‘j—J [=——=]—=] l‘—JL—JL7J

Total RNA|
extraction

Transcriptome GSEA

[ERe—

POy

L

o.curcansosmmass
oo TEAL oI oA

owecamson oo sousr
enen o sesoum

|
i

|

smscouro s
POTIE ——
[rsp——
[rp—
aurcumomommouro o
[ —

KEGG pathway

0z 04 o6

Absolute enrichment scare

H

Group + downsequaied » gene  notsignfcant + upreguated

4
23
g
[
5
52
E)
8
1
o
5 0 5
Log2 Fold change
Enrichment plot:

KEGG_ONE_CARBON_POOL_BY_FOLATE

Proteome g0l

ES =-0.57 g 92

Fos

£oa

Eos

5
£
£

1o 2 ase amo  sow  eow  ew £ 2000

Rankin Orderea Daaset &

o
oo
o7
o
om
o
oen
om

Enrichment pl

axo

60 Term

= upreguiate
- downreguiae

Enrichment plot:
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLI
sm

Rankin Ordered Dataset

Proteome
Biological Process.

Proteome GSEA

comnanen o concunkron casoEs
100 ansronrens

[ e

Pys——
Gurcosmoairean cccasoanon
omen covoan secasaanon

n

reguiation
response o stimulus

cellular component organization or biogenesis
‘muticeliular organismal procoss
localzation

dovelopmental process

> +nson,osmmesn
negative reguiaion o bloogiclprocess g 0
osiive reguiton of ilogial process | R p———— » upreguiate
signaling £ [ — - downreguiate
immune system process Z
muRLorganiam process H oo rucanon
Cellpraniration @ rvm—
locomotion IR —
bilogieal aahesion X o
roproduciie process [ —
arowtn P ——
enavior PR———y——
hytmic process srooan
ol iing e camoon ros e
ol aggregation -
pignentaion
nitrogen wiization | cousecrronsensenon
o ™ w0 w0 w00 o oz o a5 o8
Number of protens Absolute enrchment score

Common KEGG pathways F

Group o donniequaled © rotsguficont 8 proien & upreguted

Proteome Transcriptome PHGDH

ECM_RECEPTOR INTERACTION

ONE_CAREON_POOL_BY_FOLATE]

©

MISMATCH_REPAIR

‘SPHINGOLIPID_METABOLISH]

ONA_REPLICATION

)

-log10(P value)

CELL_ADHESION_MOLECULES_CAMS

|GLYCINE_SERINE_AND_THREONINE METABOLISM)

-0.80 -0.60 -0.40 -0.20 0.00 -0.20 -0.40 -0.60 -0.80
Enrichment score

Log2 Fold change

Blue-Pink O’gram

Enrichment plot:
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLI
M

Enrichment plot: KEGG_SPHINGOLIPID_METABOLISM

)

[Semicnmentrotie — s

Proteome Sample name @zf‘ Transcriptome P Proteome
ES=-0.73 H ﬂz“ ES =-0.67 Eas ES =-0.58
FDR=0.018 £oo) FDR=0.001 s FDR = 0.082
o B o
F o] fos
06
E L
N H
%"‘7  — - g =T
o o i am oom s w0 mEe ue 3"
H Rankin Orsred Dtaset 3 o gy oo
Rarking meticscoes [ emcmen pofis —vits Raning i scores] R g i W e e s

KEGG_ONE_CARBON_POOL_BY_FOLATE

Transcriptome

)
Rank n Ordarad Datast

[ Emichmentprofis —Fits _ Ranbing matic scores|

[ Enichmentprofie — its

Ranking metic scores]

[EEnichmentprotie — s Ranting metic scores]

Enrichment plot: KEGG_DNA_REPLICATION Enrichment plot: KEGG_DNA_REPLICATION Enrichment plot: KEGG_SPHINGOLIPID_METABOLISM

_ aof " o :
8oy Proteome g™ Transcriptome [ Transcriptome
§ oz ES=-0.61 B ES=-0.52 i ES=-0.48
£ FDR = 0.005 2 FDR =0.024 x FDR=0.111
1= g.a: 3 03
£ osf o4 £ o4
(WA EMJMH LI
i ML, - W i — e —
H ) 1 m
= s 75 0 ED mD oo oo oo o R
: Rank in Ordered Dataset Rank in Ordered Dataset Rankin Ordered Dataset
[ WS TR — R o SarotrEaN TR — it e [t e — — Py o e






OEBPS/Images/fonc-12-842406-g007.jpg
A

Group 2 down-regulated a metabolite not-significant a up-regulated Retrograde endocannabinoid signaling
Biosynthesis of unsaturated fatty acids] ——————————————@
E E . Histidine metabolism | ¢
5 5 5 Fatty acid biosynthesis] ————————————@
H i . Biosynthesis of amino acids] ——————@
5 : 4 * % Pyrimidine metabolism] —————o Dnﬂe‘rg;mal abundance score
¥ I8 H T X
. : ! . 3 D-Glutamine and D-glutamate metabolism{ —————— 075
— E E Amino sugar and nucleotide sugar metabolism{ ————@| 050
® H '
= 3 . b i i > Oxidative phosphorylation{ ——————————— 025
o . H '
> 3-Phosphohy9raxypyruvatg 5 5 e E Taurine and hypotaurine metebolism s
% " at witoSeme : : oy o 3 Lysine degradation o| Pathway size
‘g»z E E § Arginine biosynthesis| ———————————— ; i
e : X Giycine, serine and threonine metabolism{ —————@ [ 2
| Purine metabolismy —————————@ @
1 Choline metabolism in cancer: Pathway hierarchy1
Insulin resistance ¢ *  Emironmental Information Processing
ABC transporters | ——————& : :::::::ms
Neuroactive ligand-receptor interaction| ———————@ *  Organismal Systems
0 ; H
- - HE - N FoxO signaling pathway | ——————————————————
-2 - 0 1 2 Phospholipase D signaling pathway
Log2 Fold change
AMPK signaling pathway
000 025 050 075 1.00
C Differential abundance score
Serine synthesis pathway
3-Phosphoglycerate Purine metabolism
lPHGDH Guanine Adenosine 5'-diphosphate Xanthosine D-ribose 5-phosphate
15. 15. 15 15
3-Phosphohydroxypyruvate o
4 5 - 5
I § 0.5 - § 0.5 § 05 ann § 0.5.
I 00 0.0. — oo0. 0.0.
Con AL Con AL Con. AL Con
- - I e :
Pyrimidine metabolism
PSAT1 : =
» Cytosine Thymine Uracil Iotate
3-Phosphoserine vt V!
15 15. 15
15 I
§ 10 g 10 g 10
§ o I A g 3 5
5 = / 2 os 2 os = 2 os =
2 os I - RS
— ] [ |
|| e e e R
ey s I,
lPSPH | Sphingolipid metabolism
SorinG I Sphingosine
15 I L5
g‘u.o ”———————————;E'-"
E 0.5 - § 0.5.
0.0.
0.0 Con A Con AL

AIL

i N\

N

Z - B
DNA replication
N ] __/






OEBPS/Images/fonc-12-842406-g008.jpg
Relative level of
PHGDH mRNA

Saos-2

uU-20s

B Saos-2 u-20s
Con PHGDH Con PHGDH

3 = Con
' PHGOH,

Relative level of
PHGDH protein

Sa0s2 u208

0S cells

Viabllity ratio of

3 DMSO+NC

@ ALNC

=3 AIL+PHGDH.

=3 AIL+NC+Serine

@2 AlL+PHGDH+Serine

Saos-2

uU-20s

Migration rate (%)

PHGDH

NC+Serine

PHGDH+Serine

= Ne

& PHGDH

£3 NC#+Serine

=3 PHGDH#+Serine

Saos2






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ailanthone Inhibits Proliferation, Migration and Invasion of Osteosarcoma Cells by Downregulating the Serine Biosynthetic Pathway

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture and Proliferation Assay

          



          		

            Wound Healing Assay

          



          		

            Transwell Assay

          



          		

            Apoptosis Analysis

          



          		

            Cell Cycle Analysis

          



          		

            TMT-Based Quantitative Proteomics

          



          		

            RNA-Seq Analysis

          



          		

            Untargeted Metabolomic Relative Quantitative Analysis

          



          		

            qRT-PCR Assay

          



          		

            Western Blot Assay

          



          		

            Construction of the Plasmids and Transfection

          



          		

            Mice Xenograft Experiment

          



          		

            Bioinformatics Analysis and Statistics

          



        



        



        		

          Results

        

          		

            AIL Inhibited Proliferation, Migration and Invasion of OS Cells In Vitro

          



          		

            AIL Suppressed Subcutaneously Xenografted OS Tumor Growth

          



          		

            AIL Induced Apoptosis and Cell Cycle Arrest in OS Cells

          



          		

            Treatment With AIL Led to Widespread Changes in Metabolic Programs

          



          		

            Treatment With AIL Led to Reduced SSP Expression

          



          		

            Treatment With AIL Led to Reduced Intermediate Metabolites of the SSP and Its Downstream Pathways

          



          		

            Overexpression of PHGDH but Not Exogenous Serine Supplementation Reversed the Effects of AIL on OS Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-842406-g002.jpg
3200 Saos-2

-+ Control
- AIL

N
8
5

Tumor volume (mm’)
g 8
3 3

A .
Time (days)

*ax

Control

AIL

o

Body weight (g)

25

a 8

-
°

o

°

-+ Control
-e- AlL

NI
Time (days)

P

S





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-842406-g004.jpg
Control AIL (0.1uM) AL (0.2uM) AIL (0.4uM)

o x
o o
Freq. G1:52.28 Freq. G1: 53.78 Freq. G1: 56.28 Freq. G1: 69.91
o Freq. S:35.11 Freq. S: 22.99 g Freq. S: 185 2 Freq. S: 12.63
"] Freq. G2:8.57 o Freq. G2: 23.23 Freq. G2: 14.78
o
© o w
(2]
@
= =
o o o
> a P > a -
o 2
o
Freq. G1: 36.61 Freq. G1: 43.75 = Freq. G1: 47.16 Freq. G1: 49.61
Freq. S: 32.94 Freq. S: 30.95 Freq. S: 25.61 Freq. S: 16.44
8 Freq. G2:30.12 “ Freq. G2: 22.61 “ Freq. G2: 26.31 Freq. G2: 33.22
q @ @
=
- =
o] o
> a o > a ™
7= —~120
5120 = = G2/M
< 100 5100 m S
£ 5 g = GU/G1
o 3w g 2
w B
O B 60 § B 60
] 4 3
2 40 2 40
o o
L - >
2 120 S 2
@ [
O o . . . . Y N
S o ¥ o
AL (uM) AL (M)
08
D -
335 06
AIL (uM) AIL (uM) ]
PSS A i 2
$5 04
0 0.1 0.2 0.4 0 0.1 0.2 0.4 £E
€8
L9

sl E 69

CDK4 :E

it

i

AR E %8
3

Saos-2 uU-20s





OEBPS/Images/fonc-12-842406-g006.jpg
22
52&
O oo
[ [
8 080 8
= 4“ =]
o
—_
3]
1o m. 2 o
4 = 4
P = P
L
= o
o © © < N o
+ 6 © © © o
YNYW HdSd =) uajod Hdsd
10 [3A3] aAlje[RY 40 [aA3] aAle|Yy
T T
o = T [=}
] o < o o
2 I 0N o < 2
§ o o o (0] &
=2 =)
soz-n
o o
o 0
o o
© <
2] (2]
e p— e —
2. o O 0 % N O 4. o © © < ~N o
< v 6 8 o o o o < 6 o o o© o
YNYW L1YSd urjoud 11ySd
10 [3A3] aAlR|3Y 10 [aA9] dAlRIY
S|y
=5 o
0 = 3
§ o 3
5 | -~ !
%=
o
o
9 8
'd
0 ]
o "
] I I
[=) = T o
) < [ o
T [72) n <
o o o o N Qo ® © TN O
- = © © © © ©
ugejosd HOOHd
YNYW HAOHd ¢-soeg 4

10 [9A3] ALR[3Y

10 [9A3] 3AR|RY





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-842406-g003.jpg
Apoptosis (%)

Relative level of

Control . AIL (0.1uM) R AlIL (0.2pM) AIL (0.4pM)

= Jat-uLoats Q1-UR(1.28%) ~ ot-uLp9er%) Q1-UR(5.84%) ™ 401-UL(1 59%) (01-UR(10.85%) = Joruesin 01-UR(15.90%)
) > = =
EE| 29 2 29
%4 %y %4 i ~
h
® ® By ® a
2% 27 - [}
- « P @ )]
| R 27 29 %]
kN LN e =
24 249 : 2 o 2 .
X X e O1-LL(61.89% 01-LR(25.69%) 01-LL(49.39%) 1-LR(3217%)
Q1-LR@.86% JoriLe2son . v l01LRA060% QULLGLEIN e ) Joridesen . RC )
100 100 107 108 10 10 100 107 10° 104 10° 100 107 10° 10¢ 10° 10° 107
Q1-UL(1 74%) Q1-UR@61%) ~ Torueion Q1-UR(:.93%) ~ Jot-uiaiizn [a1-UR(19.60%) ~ Toruisiize [a1-UR(30.05%)
%4 B B =4
2y ® 24 3
- kN *’:.3 - o
= 2 e 24
3 ; B
= : = By %
® : %4 b %4 : =
Q1-LL(94.47%) Q1-LR(1.18%) 01-LR(293%) O1-LL(49.57%) - Q1-LL(1.62%) Q1-LRE.21%)
n ey A o PR A v T o T
10° 104 10° 100 107 10° 10¢ 10° 10° 107 10° 10¢ 10° 10° 107 10° 10¢ 10° 10° 107
Annexin V-FITC
50 = Con 0 0.1 0.2 0.4 0 0.1 0.2 0.4
= 0.2uM
.
% R BeL2 EI PG
20
BAX
10
0
Saos2 vz:os Saos-2 u-208
£
2 = Con
g %e . 3 0.1uM
© =5 -
@ [ 33 = 0.2uM
® 2y 2%
2 e e = 0.4uM
I > 2
© s =X
8 So TS
3 2e &
>
s
3
°

Saos-2 U-208





OEBPS/Images/fonc.2022.842406_cover.jpg
’ frontiers
in Oncology

Ailanthone Inhibits
Proliferation, Migration and Invasion
of Osteosarcoma Cells by
Downregulating the Serine
Biosynthetic Pathway





OEBPS/Images/fonc-12-842406-g001.jpg
>

Cell viability (%)

Saos-2

U-20s

120 sace2 -+ 24h 120 u-208 -+ 24h
b - o i Control ~ AI'I_'(Oi1pI—\n) _ AlL (0.2uM) ~AIL(0.4uM) -
g yoreg 5y e 2
0 > ® o
0 3 60 b4
g S > A
y 3° O N IRENNEE :
% ettt :
0 0
D D D P AP P 9
EETEERERE FSELEF > o S
AIL (uM) AIL (uM) 8
]
Control AIL (0.01uM) AIL (0.05uM) AIL (0.1uM) =)

= Con

== 0.1uM
© 3 0.2uM
1.0

Migration rate

=
Fo.2

@
£0.0

Saos-2 u-208

Saos-2






OEBPS/Images/table1.jpg
Forward

Reverse

PHGDH
PSAT1
PSPH
GAPDH

5'-ATCTGCGGAAAGTGCTCATCA-3'
5'-CGCAGAAGAAGCCAAGAAGTT-3
5'-AAAATCTGTGGCGTTGAGGAC-3
5'-AACGGATTTGGTCGTATTGGG-3

5'-GTGGCAGAGCGAACAATAAGG-3’
5'-TGGCTTGGACAGGAAGTTTGA-3'
5'-TGTGGGGGTTGCTCTGCTAT-3'
5'-CCTGGAAGATGGTGATGGGAT-3’






