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ARTICLE INFO ABSTRACT

Keywords: Background: Osteosarcoma (OS) is a highly aggressive primary bone tumor with poor outcomes, particularly in
Osteosarcoma metastatic or recurrent cases. Methionine metabolism and histone methylation, such as H3K27me3, play crucial
DNA damage ) roles in OS progression.

xzt};;;nme metabolism Methods: We analyzed single-cell RNA sequencing (scRNA-seq) data to identify histone methylation and related
EZH2 pathways associated with malignant proliferation OS cells. A high-throughput compound screen was performed
H3K27me3 to evaluate potential metabolic and epigenetic targets. In vitro and in vivo experiments were conducted to assess

the therapeutic potential of MAT2A inhibition, methionine restriction, and EZH2 inhibition.

Results: MAT2A inhibition or methionine restriction reduced H3K27me3 levels, induced DNA damage, and
suppressed OS cell growth. Combining MAT2A and EZH2 inhibitors demonstrated synergistic effects in reducing
H3K27me3 levels, enhancing DNA damage, and inhibiting OS growth both in vitro and in vivo.

Conclusion: The combination of MAT2A and EZH2 inhibition significantly reduces intracellular H3K27me3 levels
by depleting S-adenosylmethionine (SAM) and inhibiting synthetic enzyme activity, thereby inducing DNA
damage in osteosarcoma (OS). Methionine-restricted diet combined with EZH2 inhibition effectively suppresses
osteosarcoma growth in vivo.

The translational potential of this article: This study highlights the potential of integrating metabolic and epigenetic
interventions in OS therapy. Our findings might present a promising therapeutic strategy for chemotherapy-
resistance OS.

1. Introduction

Osteosarcoma (OS) is the most common primary malignant bone
tumor, primarily affecting children and adolescents [1]. Despite signif-
icant advances in surgical techniques and chemotherapy regimens [2],
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the survival rate for patients with metastatic or recurrent OS remains
extremely low [3,4]. Currently, there is a lack of effective clinical
therapeutic approaches, highlighting the urgent need to identify alter-
native therapeutic targets and strategies.

Chemotherapy typically kills tumor cells by inducing DNA damage in
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clinical tumor therapy. Mechanisms of DNA damage include DNA strand
breaks [5,6], R-loop formation [7-10], chromosomal fragmentation,
loss of DNA repair enzymes, homologous recombination defects, and
targeting DNA damage repair pathways. Synthetic lethality (e.g., BRCA,
PRMTS5) represents a mechanism capable of precisely inducing DNA
damage in tumor cells with specific vulnerabilities. For instance, CIP2A
has emerged as a promising synthetic lethal therapeutic target for
BRCA1-and BRCA2-mutated cancers [11], while PRMTS5 inhibition leads
to RPA depletion and impaired homology-directed DNA repair (HDR)
activity [12]. However, such approaches are often not universally
effective, and existing methods generally lack specificity [13]. Conse-
quently, there may be other biological mechanisms that enable OS cells
to overcome DNA damage caused by drugs, allowing them to maintain
rapid proliferation [14,15]. Chemotherapy resistance frequently leads to
tumor recurrence or metastasis. Studies have shown that recurrent or
metastatic tumor tissues undergo significant phenotypic changes, such
as increased chemoresistance and accelerated proliferation, compared
to pre-treatment tissues, despite showing no significant changes in their
genomic characteristics [16,17]. This suggests that epigenetics may play
a crucial role in enabling tumor cells to tolerate DNA damage.

Cellular phenotype remodeling without altering the genetic material
itself usually is referred to epigenetics. Epigenetics referred to stable
changes in cell phenotype on the basis of other than genetic changes
[18], such as histone modifications and DNA methylation. The silencing
of DNA repair-related genes has been linked to changes in histone
methylation levels [19]. For example, Gardner et al. found that EZH2
induces chemotherapy resistance in small-cell lung cancer by upregu-
lating H3K27me3 levels, which suppresses SLFN11 expression [16].
Chang et al. revealed that IOX-1 increases histone H3 trimethylation and
ATP-binding cassette transporter expression, which may sensitize MG63
cells to cisplatin [20]. Additionally, epigenetics is also important in OS
progression. Jiang et al. demonstrated that H3K27me3 demethylation
mediated by KDM6B promotes oncogenic LDHA expression, thereby
enhancing OS cell migration in vitro and lung metastasis in vivo [21].
Yadav et al. revealed that silencing of ALKBH5 increases m®A levels and
consequently destabilizes USP22 and RNF40, resulting in reduced
expression of several genes associated with cell cycle, replication and
DNA damage repair in osteosarcoma cells. [22]. However, the role of
histone methylation modification in the regulation of DNA repair lead-
ing to chemotherapy resistance in OS remains unclear, and histone
methylation could be a potential therapeutic signaling for
chemo-resistant OS patients.

In this study, we first identified histone methylation and related
pathways in OS TME,comparing malignant proliferation cells with other
cell subgroups by utilizing scRNA-seq data. We further investigating the
potential therapeutic targets in methionine metabolism to reduce the
level of histone methylation mollification, integrating compound
screening, in vitro and in vivo biological expiration. We explored that
combination of MAT2A and EZH2 inhibition could significantly reduce
the intracellular H3K27me3 level and induce DNA damage. These
findings might present a promising therapeutic strategy for
chemotherapy-resistance OS.

2. Methods

Study cohort and collection of clinical human samples. Our
study was approved by the Institutional Research Ethics Committee of
Shanghai General Hospital, Shanghai Jiao Tong University School of
Medicine. Samples of SGH-OS including in this study were collected in
the core of the tumor resections. Pathological diagnoses of all the OS
patients admitted in Shanghai General Hospital were independently
examined by three pathologists. the Kaplan-Meier survival curves
compared by two-side long-rank test was performed using R2 Genomics
Analysis and Visualization Platform (R2, https://hgserverl.amc.nl/
cgi-bin/r2/main.cgi).

Analysis of single-cell RNA sequencing (scRNA-seq). The single-
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cell RNA sequencing (scRNA-seq) data used in this study were derived
from comprises previously published data (n = 16), including six in-
dividuals from Liu et al. (GSE162454) (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE162454) and ten individuals from Zhou Y
et al. (GSE152048) [23]. The raw data were processed using the Seurat
package (v4.0, http://satijalab.org/seurat/) and analyzed in R software
(v4.2.0). The Seurat object contained gene expression data for each
sample and was imported using the Read 10 x function. We filtered out
cells with fewer than 300 or more than 6000 detected genes, or with
mitochondrial gene content exceeding 10 % of total expressed genes.
Data normalization was performed using log normalization with the
default scaling factor. Subsequently, the highly variable genes (HVGs)
were identified from the normalized expression matrix, centered, and
scaled before conducting principal component analysis (PCA).
Single-cell data integration and analysis were performed using the ca-
nonical correlation analysis (CCA) method in Seurat. Clustering analysis
was conducted based on the integrated joint embedding data, and the
Uniform Manifold Approximation and Projection (UMAP) method was
used for visualization. Specific cells from lung tissue were removed,
resulting in a total of 99,416 filtered cells for further bioinformatics
analysis. Cell cluster annotation was performed using the Wilcoxon
rank-sum test in Seurat, with Bonferroni correction applied to identify
differentially expressed genes (DEGs) with high discriminatory ability.
Cell subpopulations were annotated based on these DEGs. The analysis
of cell receptor-ligand interactions was conducted using the iTALK
package in R (https://github.com/Coolgenome/iTALK) [24]. Given that
osteosarcoma arises from the mesenchymal lineage, malignant tumor
cells often resemble mesenchymal stromal cells (MSCs) in their tran-
scriptomic profiles. Therefore, conventional tumor cell markers such as
EpCAM are not applicable. In this study, we adopted a classification
approach based on transcriptomic similarity and canonical lineage
markers, which yielded mesenchymal, myeloid, lymphoid, and endo-
thelial populations. This clustering strategy is consistent with previous
osteosarcoma single-cell studies [25,26]. To distinguish malignant from
non-malignant MSC subpopulations, we further examined proliferation
signatures (MKI67, PCNA) and copy number variation (CNV) scores
inferred by the inferCNV method.

Quality control steps in scRNA-seq analysis. Mitochondrial gene
content (percent.mt): For each sample, we used the PercentageFeatur-
eSet function to calculate the mitochondrial gene content using the
mitochondrial gene pattern ""MT-". Cells with mitochondrial gene con-
tent exceeding 10 % were excluded, as this typically indicates that the
cells are under stress or undergoing apoptosis.Gene count and mito-
chondrial proportion filtering: Cells were filtered based on the number
of genes detected (200-10,000 genes) and mitochondrial gene content
(below 10 %). This step helps ensure that only viable, non-apoptotic
cells are retained for analysis.Red blood cell gene expression (percent.
HB): We calculated the expression of red blood cell genes (e.g., HBA1,
HBB) and excluded cells with more than 1 % red blood cell gene
expression. This step removes cells that may be contaminated by red
blood cells.Doublet detection and removal: Doublets were identified
using the DoubletFinder package. The expected doublet proportion was
set to 7.5 % (0.075 * number of cells), and principal component analysis
(PCA) with 30 principal components was used to detect doublets. Cells
predicted to be doublets were removed from the dataset.Data normali-
zation and variable gene selection: Data were normalized using the
NormalizeData function, followed by detection of variable genes using
the FindVariableFeatures function. We then performed data scaling
using ScaleData and conducted PCA analysis on the normalized data.

Cell lines, antibodies, and reagents. The human osteosarcoma cell
lines HOS, HOS/MNNG, 143B, SJSA-1, ZOSM, Z0OS2 and U2-0S, and the
human kidney cell line HEK-293T were cultured in high glucose Dul-
becco’s Modified Eagle Medium (DMEM; Gibco, USA) supplemented
with 10 % fetal bovine serum (FBS; Wisent, Canada). Cell line authen-
tication was performed on cells that used for in vitro and in vivo studies
using Short Tandem Repeat (STR) DNA profiling and all cell lines were
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preserved at Shanghai Bone Tumor Institute (Shanghai, China). Cell
lines are regularly tested for mycoplasma contamination. ZOSM and
7Z0S2 were obtained from the first affiliated hospital of Sun Yat-Sen
University (Guangzhou, China). The human mesenchymal stem cell
(HMSC) and adipose-derived stem cells (ADSC) was cultured in Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
medium (Gibco, USA) supplemented with 10 % fetal bovine serum (FBS;
Wisent). All cell lines were cultured at 37 °C in a 5 % CO- incubator.
Reagents used in the study included PF-9366 (#HY-107778, MedChe-
mExpress, USA), SCR6639 [27] and GSK126 (#HY-13470, MedChe-
mExpress, USA). The antibodies used in this study were purchased as
follows: anti-GAPDH (#ab181602, 1:1000, Abcam, USA), anti-beta
actin (#ab8226, 1:1000, Abcam, USA), and anti-EZH2 (#ab283270,
1:1000, Abcam, USA), anti-H3K27me3 (#MA5-11198, 1:1000 for
western blotting and 3ug for ChIP-seq, Invitrogen, USA), anti-H3K27ac
(#720096, 1:1000, Invitrogen, USA), anti-histone H3 (#PA5-16183,
1:1000, Invitrogen, USA), anti-H3K36me3 (#MA5-24687, 1:1000,
Invitrogen, USA) and anti-H3K36me2 (#701767, 1:1000, Invitrogen,
USA), anti-MAT2A (#HPA043028, 1:1000 for western blotting and
1:500 for immunohistochemistry, Sigma-Aldrich, USA), anti-yH2Ax
(#9718, 1:1000 for western blotting and 1:200 for immunofluorescence,
Cell Signaling Technology, USA), HRP-conjugated goat anti-rabbit IgG
(#L3042, 1:5000, Signalway Antibody, USA) and goat anti-mouse IgG
(#101, 1:5000, Signalway Antibody, USA).

Bulk RNA sequencing (RNA-seq). RNA purity of specimens was
checked using the kaiaoK5500 Spectrophotometer (Kaiao, China). RNA
integrity and concentration was assessed using the RNA Nano 6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, USA). A
total amount of 2ug RNA per sample was used as input material for the
RNA sample preparations. Sequencing libraries were generated using
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA) according
to the manufacturer’s protocol and index codes were added to attribute
sequences to each sample. The clustering of the index-coded samples
was performed on a cBot cluster generation system using HiSeq PE
Cluster Kit v4-cBot-HS (Illumina, USA) according to the manufacturer’s
instructions. After cluster generation, the libraries were sequenced on
DNBSEQ-T7 platform (BGI, China) in Wuhan Benagen Technology Co.,
Ltd. (Wuhan, China) and 150 bp paired-end reads were generated.

Bulk RNA-seq data analysis. The raw data were first processed with
FastQC to filter out adapters and low-quality sequences. Pair-end reads
were aligned to human GRCh38 genome or mouse mm10 genome using
STAR (v2.7.6a) [28]. Reads with good mapping quality (MAPQ >30)
that aligned to genomic exons were counted using featureCounts [29]
(GRCh38 or mm10 Ensembl 93) to generate a table with counts for each
gene. Differential gene expression analysis was performed using the R
package DESeq2 [30] using the IfcShrink function. Genes with
fold-change >2.00, probability >0.80 and false discovery rate P value
(FDR) < 0.05 were considered significantly differentially expressed. The
transform between human genome and mouse genome was performed
using the R package BioMart [31,32]. Gene Ontology (GO; http://geneo
ntology.org/) enrichment analyses for differentially expressed genes
were performed using the R package clusterProfiler v3.8 [33]. Gene set
enrichment analysis (GSEA; http://www.gsea-msigdb.org/gsea/) [34]
was performed on list of genes ranked from high to low DESeq2 esti-
mated fold-change using the GSEAPreRanked function with enrichment
statistic classic, 1000 permutations and normalized P value < 0.05.
Related gene sets were downloaded from Molecular Signatures Database
(MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/) [35,36].

Chromatin immunoprecipitation sequencing (ChIP-seq). Cells
were first cross-linked with 1 % formaldehyde at room temperature for
10 min to stabilize protein-DNA interactions, followed by quenching
with 125 mM glycine. After washing with cold PBS, cells were lysed in
lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1 % SDS) supple-
mented with protease inhibitors. The lysed cells were then subjected to
sonication using an ultrasonic processor. The chromatin samples were
diluted in immunoprecipitation buffer (16.7 mM Tris-HCI, pH 8.0, 1.2
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mM EDTA, 1.1 % Triton X-100, 167 mM NacCl) and pre-cleared with
Protein A/G magnetic beads for 1 h at 4 °C. Subsequently, anti-
H3K27me3 antibody was added, and the samples were incubated
overnight at 4 °C to complete the immunoprecipitation. Inmunocom-
plexes were captured using Protein A/G magnetic beads and washed
sequentially with low-salt wash buffer, high-salt wash buffer, LiCl wash
buffer, and TE buffer to remove nonspecific bindings. Chromatin was
eluted from the beads using elution buffer (1 % SDS, 0.1 M NaHCO3) and
subjected to reverse cross-linking at 65 °C overnight. Proteinase K was
added, and the samples were digested at 55 °C for 2 h, followed by DNA
purification. Sequencing libraries were constructed, and sequencing was
performed using Illumina to generate 150 bp paired-end reads.
Sequencing data were analyzed through a standard bioinformatics
pipeline. Raw reads were trimmed using Trimmomatic (https://github.
com/usadellab/Trimmomatic) to remove adapters and low-quality
bases, and the cleaned reads were aligned to the human genome
(GRCh38) using Bowtie2. Peaks were identified using MACS2 (v2.2.7)
and annotated to the nearest genes using HOMER (homer.ucsd.edu/
homer/). Binding regions were visualized using IGV(IGV: Integrative
Genomics Viewer).

Compound screens. OS cells were screened with metabolite library
(n = 540,list in Supplementary Table 1). Plant cells 800/well in 50ul
medium into 384-well plates, transfer 0.1ul compound (1 mM) using
pintool (final concentration 2 pM). Each plate included 32 wells con-
taining DMSO as negative control. Incubate for 3 days, then add Celltiter
Glo cell viability assay kit (#G7570, Promega, USA) 10ul/well to detect
cell viability.

Western blotting. Proteins were extracted by using radio immu-
noprecipitation assay (RIPA) lysis buffer (Beyotime, China) for total
protein and Histone Extraction Kit (#ab113476, Abcam, USA) for his-
tone following its manufacturer’s protocol. The extracted protein was
quantified using a Pierce BCA Protein Quantification Kit (#23325,
Thermo Fisher Scientific, USA) calculated using SpectraMax M3
Microplate Reader (Molecular Devices, USA). Proteins were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to 0.45um polyvinylidene fluoride (Millipore,
USA) using Mini-PROTEAN Tetra Vertical Electrophoresis Cell electro-
phoresis chamber and Mini Trans-Blot Module for tank transfer system
with PowerPac HV Power Supply (Bio-Rad, USA). The membrane was
blocked using 5 % nonfat dry milk in Tris-buffered saline solution con-
taining 0.1 % Tween-20 (TBS-T) for 1h at room temperature and then
probed with specific primary antibodies overnight at 4 °C. Subsequently,
the membranes were washed with TBS-T 10 min for third times, fol-
lowed by incubating with HRP-conjugated secondary antibodies for 1h
at room temperature. Actin and GAPDH were used as the protein loading
control. Protein signals were developed with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, USA) and
imaged using chemiluminescence imaging system Amersham Imager
600 (GE Healthcare, USA) and Tanon 5200 (Tanon, China).

Cell viability assay and colony formation. To assay cell growth,
osteosarcoma cells were washed twice with PBS and plated onto 60 mm
cell culture dishes at a density of 3000 cells per dish. Osteosarcoma cells
were treated with or without drugs for 1 week, and the cell colonies were
stained using crystal violet staining solution (Beyotime, China) accord-
ing to the manufacturer’s instructions. To assay cell viability, osteosar-
coma cells were plated onto 96-well plates at a density of 3000 cells per
well. Osteosarcoma cells were treated with or without drugs for 3 days,
and cell viabilities were then measured by using a Cell Counting Kit-8
(CCK-8; #CKO04, Dojindo, Japan) detected using SpectraMax M3
Microplate Reader (Molecular Devices, USA).

Incucyte cell proliferation assay, cell viability assay and
caspase-3/7 apoptosis assay. Indicated cell lines were seeded into 96-
well plates at a density of 1000-2000 cells per well, depending on the
growth rate and the design of the experiment. About 24 h later, the
indicated compounds were added at the indicated concentrations. Cells
were imaged every 4 h using the Incucyte ZOOM (Essen Bioscience).
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Fig. 1. Methionine metabolism pathway activation in tumor cells with malignant proliferation phenotype in the osteosarcoma microenvironment (A) UMAP
visualization of single-cell transcriptomic data from osteosarcoma tumor samples, showing distinct cell clusters, including mesenchymal stem cells (MSC, MSC_01 to
MSC_05), myeloid cells (Mye_01 to Mye_06), T cells and natural killer cells (T/NK), and endothelial cells (Endo). Cell numbers, n = 99416. (B) Stacked bar plot
showing the proportion of different MSC, Mye, Lym and Endo subtypes (MSC_01 to MSC_05, Mye_01 to Mye_06, T/NK and Endo) across various single-cell datasets
from osteosarcoma samples, demonstrating heterogeneity within the total cells populations. (C) Dot plot showing the percentage and average expression of marker
genes for each cell type. (D) Chromosomal instability was assessed across mesenchymal-origin subpopulations using InferCNV. (E) Top 5 significantly enriched KEGG
biological pathways in MSC_01 compared to (MSC_02, MSC_03, MSC_04 and MSC_05). Pathways include Cell cycle, Osteoclast differentiation, TGF-beta signaling
pathway, Homologous recombination, and Cysteine and methionine metabolism.
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Phase-contrast images were analyzed to detect cell proliferation on the
basis of cell confluence. For cell viability assay, CellTiter-blue (Promega,
G8081) was added to the medium following the manufacturer’s in-
structions. For cell apoptosis, caspase-3/7 apoptosis-assay reagent was
added to the culture medium, and cell apoptosis was analyzed on the
basis of fluorescent staining of apoptotic cells.

EdU Incorporation Assay. Cell proliferation was assessed using the
EdU (5-ethynyl-2-deoxyuridine) incorporation assay with the Meilun
EdU Cell Proliferation Kit with Alexa Fluor 555 (Cat. No. MA0425,
Meilunbio, China) following the manufacturer’s instructions. Briefly,
osteosarcoma cells were seeded in 6-well plates and incubated over-
night. EQU was added to the culture medium at a final concentration of
10 pM and cells were incubated for 2 h at 37 °C. After incubation, cells
were fixed with 4 % paraformaldehyde for 30 min at room temperature,
permeabilized with 0.3 % Triton X-100 in PBS, and subjected to Click-iT
reaction with Alexa Fluor 555 Azide in the presence of CuSO4 and Click-
iT additives. Nuclei were counterstained with Hoechst 33342. EdU-
positive cells were visualized under a fluorescence microscope and
quantified using ImageJ software. Three biological replicates were
performed for each condition.

Animal experiments. All animal experiments were performed by
following the protocols in accordance with the guidelines of Laboratory
Animal Center of Shanghai General Hospital. The Clinical Center Lab-
oratory Animal Welfare & Ethics Committee of Shanghai General Hos-
pital, Shanghai Jiao Tong University School of Medicine, approved all
animal protocols used in this study. 6-8-week-old female Nude mice
(Strain: BALB/cJGpt-foxnlnu/Gpt; Charlers river, USA/China) were
used in this study. All mice were maintained under SPF conditions in a
controlled environment of 20-22 °C, with a 12/12h light/dark cycle,
50-70 % humidity. The subcutaneous tumor-bearing mouse model was
established by injecting OS cells (5 x 10° cells in 25ul PBS supplemented
with 10 % FBS) into the lateral abdominal region of nude mice using a
27-gauge needle. OS progression in the mice was monitored by
measuring the tumor volume, calculated by the following equation:
Volume = Length x Width?/2, using a caliper. The tumor burden was
monitored by following the tumor volume and the maximal tumor size is
2 cm, which was permitted by the Clinical Center Laboratory Animal
Welfare & Ethics Committee of Shanghai General Hospital, Shanghai
Jiao Tong University School of Medicine. The maximal tumor size was
confirmed to be not exceeded in our study and the survival curves were
produced according to the survival of mice and the time to reach
maximum tumor size. Samples was from the core of tumor resections.
For methionine diet restriction studies, the mice were evaluated by
monitoring tumor volume to quantify OS burden before for randomi-
zation and in the progress of drug treatment for efficacy evaluation. 14
days prior to constructing the tibia orthotopic model of osteosarcoma in
mice, the methionine restriction group was placed on a methionine-
restricted diet (containing 0.12 % methionine), while non-restriction
group received a normal diet (containing 0.86 % methionine) [37].

Immunofluorescence staining and imaging. Cells on the glass
bottom culture dishes (#801001, NEST, China) were fixed in 4 % par-
afomaldehyde (diluted the 32 % paraformaldehyde in PBS) for 10 min at
room temperature. Cells were washed three times for 5 min with 200
mM glycine containing PBS, followed by permeabilization with 0.3 %
Triton X-100 in PBS for 15 min. After blocking with 5 % bovine serum
albumin (BSA) in PBS for 1 h, cells were incubated with mentioned
primary antibody (yH2Ax) diluted in a 5 % BSA in PBS solution over-
night at 4 °C. After washing four times with PBS, cells were incubated
with Alexa Fluor Plus 555 (1:500; #A32732, Invitrogen, USA) secondary
antibody for 1 h at room temperature and washed three times with PBS.
Cell nuclei were then counterstained with DAPI (Beyotime, China) for 5
min. Cells were washed two more times in PBS before imagine. Images
were acquired using Leica TCS SP8 Laser Scanning Confocal Microscope
(Leica, USA) and were processed by Leica Application Suite X (LAS X;
Leica, USA).

Stable gene overexpression and shRNA Knock-Down constructs.
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EZH2 overexpression using plasmid (5- GCGAATTCGAAGTA-
TACCTCGAGGCCA -3'), constitutive expression of shRNA hairpins tar-
geting MAT2A (KD1: 5- AGCAGTTGTGCCTGCGAAATA -3/, KD2: 5'-
GCAACAGTCACCAGATATTGC -3)or a scramble non-targeting control
(5-TTCTCCGAACGTGTCACGT-3") was achieved using lentiviral infec-
tion of the pGMLV vector (modified from Genomeditech, Shanghai,
China), selected with puromycin (2ug/ml). Constitutive overexpression
of MAT2A in HOS/MNNG cell line was achieved using lentiviral infec-
tion of pGMLV vector (modified from Genomeditech, dual Promoter
EF1-ZsGreen1-T2A-Puro), selected with puromycin (2ug/ml).

Lentivirus generation and harvesting. Lentivirus production was
obtained from PEI transfection reagents (#26406, Polyseciences, USA)
of HEK-293T cells with co-transfection of the packaging vectors pspax2
and pMD2.G along with the gene delivery vector. Viral supernatants
were collected 72h after transfection, underwent ultracentrifugation at
20,000 rpm for 25h at 4 °C to concentrate, and the virus pellets were
resuspended in PBS. For infection, the viral pellets were added to cells in
a dropwise manner in the presence of polybrene (10ug/ml). After 48h,
medium containing the lentivirus was replaced and infected cells were
selected by addition of puromycin (2ug/ml).

Statistical analysis. Details of statistical analyses of the various
experiments are described in the relevant methods section. If not spec-
ified, statistical analysis was carried out using GraphPad Prism 8 soft-
ware (GraphPad Software, USA). After confirming that values followed a
normal distribution, two-tailed Student’s t test was applied to determine
the significance of differences between two groups of independent
samples. Pearson’s correlation analysis and Spearman’s correlation
analysis were performed to determine the correlation between two
group of variables. Combination index (CI) of drug combination was
calculated using ComboSyn software program (ComboSyn, USA) to
determine whether the combination was antagonistic, additive or syn-
ergistic. The image was subjected to gray value analysis using ImageJ
software (Thermo Fisher Scientific, USA). Details of the data points
shown were described in the respective figure legends. All schematic
diagrams were created using BioRender (BioRender.com).

3. Results

3.1. Methionine metabolism pathway activation in tumor cells with
malignant proliferation phenotype in the osteosarcoma microenvironment

To investigate the microenvironmental features of OS and the mo-
lecular pathways associated with malignant proliferation, we analyzed
single-cell transcriptomic data from tumor samples (n = 99,416 cells).
The data was partitioned into 13 cellular subgroups, including 5
mesenchymal-origin subgroups (MSC_01 to MSC_05),6 myeloid-lineage
subgroups (Mye_01 to Mye_6), 1 lymphoid-lineage subgroups (Lym),
and 1 endothelial subgroup (Endo) (Fig. 1A), including: (1) MSC_01,
proliferating osteoblastshighly expressing MKI67 and PCNA; (2)
MSC_02, osteoblasts highly expressing RUNX2, COL1A1, and ALPL; (3)
MSC_03, chondrocytes highly expressing ACAN and SOX9; (4) MSC_04,
fibroblasts highly expressing DCN; (5) MSC_05, fibroblasts highly
expressing TAGLN; (6) Mye_01, osteoclasts; (7) Mye_02, proliferating
myeloid cells; (8) Mye_03, Macrophages highly expressing APOE and
poorly expressing TREM2, CD163; (9) Mye_04, Macrophages highly
expressing APOE and TREM2 and poorly expressing CD163; (10)
Mye_05, Macrophages highly expressing APOE, TREM2 and CD163; (11)
Mye_06, Monocytes; (12) T/NK, T cells and natural killer cells highly
expressing of CD3D and PTPRC; (13) Endo, endothelial cells highly
expressing of VWF (Fig. 1B). The proportions of these cell sub-
populations varied significantly among different patient samples
(Fig. 1C), highlighting the high heterogeneity of OS. InferCNV analysis
showed that MSC_01 had the highest chromosomal instability scores
among all 5 mesenchymal-origin subgroups (Fig. 1D), a hallmark of
malignancy. In addition, MSC_01 was enriched for osteogenic and
chondrogenic gene expression, consistent with the molecular
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and protein methylation. (D) Kaplan-Meier survival curve of osteosarcoma patients stratified by SGH_OS MAT2A expression. Patients with high MAT2A expression
(n = 72) exhibit significantly poorer survival compared to those with low MAT2A expression (n = 19) (p-value = 0.034). Shaded areas represent 95 % confidence

intervals, and the number of patients at risk is indicated below the graph.

characteristics of osteosarcoma tumor cells. Given its pronounced ma-
lignant features, including elevated CNV scores and high expression of
proliferation markers (MKI67, PCNA), MSC_01 was identified as the
primary malignant tumor cell population. We compared the MSC_01,
with other cell mesenchymal-origin subgroups (MSC_02, MSC_03,
MSC_04 and MSC_05) in the TME. We found that the Cysteine and
methionine metabolism were upregulated in MSC_01. Additionally, Cell
cycle, Osteoclast differentiation, TGF-beta signaling pathway and Ho-
mologous recombination pathways were also significantly upregulated
(Fig. 1E). This suggests that in the osteosarcoma microenvironment,
malignant proliferating tumor cells exhibit upregulation of the methio-
nine metabolism pathway.

3.2. High-throughput screening identifies methionine-metabolism is
important in osteosarcoma tumor growth

To investigate the impact of metabolites on the malignant prolifer-
ation and viability of osteosarcoma cells, we conducted high-throughput
screening using a library of 540 metabolites on the human osteosarcoma
cell line HOS/MNNG and 143B (Fig. 2A). Cells were treated with me-
tabolites from the library, and cell viability was assessed after 3 days.
The results showed significant variability in the effects of different
metabolites on HOS/MNNG and 143B cell viability. We identified me-
tabolites that significantly enhanced cell viability (Fig. 2B,Supplemen-
tary Fig. 1D and Supplementary Table 1), including L-Methionine,
suggesting that methionine metabolism may play a crucial role in the
malignant proliferation of osteosarcoma cells. AdoMet tosylate
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enhanced the viability of HOS/MNNG cells, whereas it had minimal
effect on 143B cells. This observation further highlights the metabolic
heterogeneity among osteosarcoma cell lines. AdoMet tosylate (S-Ade-
nosylmethionine p-toluenesulfonate, SAM Tosylate) is a salt form of S-
Adenosylmethionine (SAM).

SAM is a critical biomolecule that serves as a methyl donor or
cofactor in various biological processes [38,39]. The conversion of
methionine to SAM, a key methyl donor [40], requires the enzyme
methionine adenosyltransferase (MAT2A) (Fig. 2C). To determine
whether MAT2A is associated with osteosarcoma prognosis, we per-
formed Kaplan-Meier survival analysis using the clinical database
SGH-OS established from our previous multi-omics studies. The results
indicated that patients with high MAT2A expression (n = 72) had
significantly shorter survival times compared to those with low MAT2A
expression (n 19) (Fig. 2D). Single-cell transcriptomic analysis
revealed that MAT2A is broadly expressed across cell types, with the
highest levels observed in a subset of myeloid cells (Supplementary
Fig. 1A). However, among mesenchymal stromal cells, MSC_01 showed
the highest MAT2A expression. Importantly, MSC_01 was the only
population exhibiting significant enrichment of cysteine and methionine
metabolism and histone methylation pathways (Supplementary
Fig. 1B-C). These results suggest that MAT2A plays a pivotal role in
methionine-dependent epigenetic remodeling in osteosarcoma, sup-
porting its functional importance and prognostic relevance in the tumor
microenvironment.
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Inhibiting MAT2A suppresses osteosarcoma cell proliferation and growth via cell cycle and DNA damage pathways (A) Western blot analysis of MAT2A

protein levels in human osteosarcoma cell lines (143B, HOS/MNNG, HOS, ZOS-2, ZOS-M, U2-0S, SJSA) and human mesenchymal stem cells (HMSC). (B) RT-PCR

analysis of MAT2A mRNA levels in the same osteosarcoma cell lines and MSC. (

C) Construction of MAT2A knockdown cell models in HOS/MNNG cells, validated by

western blot. (D) Colony formation assay to evaluate proliferation in MAT2A knockdown models. (E) CCK8 assay to measure cell viability in MAT2A knockdown
models. Technical replicates = 5, Mean =+ SD. (F) EAU incorporation assays were performed to assess the effect of MAT2A knockdown on cell proliferation. Scale bar:
50 pm. (G) CCKS8 assay determining the IC50 values of PF-9366 in osteosarcoma cell lines and MSC. Technical replicates = 5, Mean =+ SD. (H-I) Gene Set Enrichment
Analysis (GSEA) of RNA-seq data comparing PF-9366-treated cells to DMSO controls. Downregulated pathways include HALLMARK_E2F TARGETS (NES = —2.15, p-

value <0.05) and HALLMARK_G2M_CHECKPOINT (NES = —1.59, p-value <O0.
ment Score.

3.3. Inhibiting MAT2A suppresses osteosarcoma cell proliferation and
growth via cell cycle and DNA damage pathways

To further investigate the role of MAT2A in osteosarcoma (OS), we
assessed MAT2A protein and mRNA expression levels in human OS cell
lines (143B, HOS/MNNG, HOS, Z0S-2, Z0OS-M, U2-0S, SJSA) and
human mesenchymal stem cell line (HMSC) (Fig. 3A and B). While
metabolite screening was initially performed using the HOS/MNNG cell
line to ensure data consistency and avoid batch effects, the subsequent
expression and functional analyses across a broader panel of OS cell lines
provided validation of the observed findings and supported the gener-
alizability of MAT2A-related effects in OS. The results showed signifi-
cantly higher MAT2A protein expression in OS cell lines compared to
MSC. At the mRNA level, HOS/MNNG exhibited markedly higher
MAT2A expression than other OS cell lines. Next, we constructed
MAT2A knockdown (MAT2A KD) models in the HOS/MNNG cell line

05), indicating suppression of cell cycle-related processes. NES: Normalized Enrich-

using shRNA and verified the models using Western blot (Fig. 3C).
Colony formation assays showed a significant decrease in proliferation
in MAT2A KD cells (Fig. 3D). CCK-8 assays revealed that MAT2A KD
significantly reduced cell viability (Fig. 3E). To further validate the anti-
proliferative effect of MAT2A inhibition, we performed EdU incorpo-
ration assays. MAT2A knockdown markedly reduced the proportion of
EdU-positive cells compared to the control group (Fig. 3F). These results
suggest that MAT2A protein expression affects OS growth. To further
confirm the effect of MAT2A on OS proliferation, we treated OS cell lines
and HMSC with the MAT2A inhibitor PF-9366 [41] and measured ICsg
values using CCK assays. The ICsq values of the six osteosarcoma cell
lines U2-0S, ZOS-M, Z0S-2, HOS, HOS/MNNG and 143B were 3.32 UM,
6.89 pM, 5.27 pM, 26.50 pM, 15.96 pM, and 4.03 pM, respectively
(Fig. 3F). Interestingly, the three homologous cell lines (143B,
HOS/MNNG, and HOS) share the same genome; however, their ICsg
values under PF-9366 treatment exhibited significant differences. The
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Fig. 4. MAT2A inhibition affects tumor growth ex vivo through EZH2-mediated H3K27me3 modification. (A) Western blot analysis of MAT2A protein levels in 143B
cells treated with PF-9366 at different concentrations (0.5 pM, 1 pM, 2 pM, 4 uM, 6 uM) for 72 h. (B) Western blot analysis of MAT2A protein levels in U2-OS cells
treated with PF-9366 at different concentrations (0.5 pM, 1 pM, 2 pM, 4 pM, 6 pM) for 72 h (C) RT-PCR analysis of MAT2A mRNA levels in 143B and U2-OS cells
treated with PF-9366 at varying concentrations for 72 h. Technical replicates = 3, Mean =+ SD. (D) Western blot analysis of epigenetic marks (H3K27ac, H3K27me3,
and H3K36me2) in HOS/MNNG cells treated with MAT2A inhibitor (MAT2Ai) for 12, 24, 36, and 72 h. (E) Western blot analysis of H3K27me3, H3K9me3, and
H3K36me3 levels in osteosarcoma cell lines (143B, HOS/MNNG, and HOS). (F) Gene Set Enrichment Analysis (GSEA) results showing pathway enrichment dif-
ferences between MAT2A-related genes in 143B and HOS/MNNG cells. (G) Heatmap of RNA-seq data showing differential expression of H3K27me3-related genes,
including EZH2, in 143B and HOS/MNNG cells. (H) Western blot analysis of EZH2 and MAT2A protein levels in osteosarcoma cell lines. (I) Quantitative analysis of
the relative MAT2A/EZH2 protein expression ratio. (J) Changes in H3K27me3 and H3K36me2 levels in HOS/MNNG cells after EZH2 overexpression (OE EZH2).
(K-L) ChIP-seq analysis of EZH2 overexpression on H3K27me3 chromatin modifications. (K) Heatmap showing signal intensity changes in gene regions (—3 kb to +3
kb and —5 kb to +5 kb). (L) Line plot showing average signal distribution near transcription start sites (TSS) and transcription end sites (TES). (M) CCK8 assay
evaluating the sensitivity of EZH2-overexpressing (OE EZH2) and control (Vector) cells to MAT2A inhibitor (SCR6639) at various doses. Technical replicates = 3,
Mean + SD. (N) Kaplan-Meier survival analysis based on EZH2 expression levels in osteosarcoma patients from the Kuijjer dataset (n = 88), performed using the R2
Elatform. Raw p = 0.037.

ICsp value was the lowest in 143B cells, followed by HOS/MNNG cells, hypothesis that OS sensitivity to PF-9366 is associated with histone
and the highest in HOS cells. To explore the pathway-specific effects of modifications and methionine metabolism. Next, we analyzed the rea-
PF-9366 on OS, we performed bulk RNA-seq analysis on OS cells treated sons for the differences in H3K27me3 levels in OS. We compared genes
with PF-9366. The results revealed significant downregulation of cell related to H3K27me3 between HOS/MNNG and 143B. The results
cycle-related pathways and upregulation of DNA damage-related path- showed that only EZH2 was expressed at lower levels in 143B while
ways, including HALLMARK _E2F TARGETS, HALLMARK_G2M_CHECK- being highly expressed in HOS/MNNG (Fig. 4G). This suggests that the
POINT, GOBP_REGULATION_OF_INTRINSIC_APOPTOTIC_SIGNALING_ expression of EZH2 may be a key factor contributing to the differences in
PATHWAY_IN_RESPONSE_TO_DNA_DAMAGE, GOBP_POSTREPLICATI H3K27me3 levels in OS. We then validated the expression of EZH2
ON_REPAIR, GOBP_DOUBLE_STRAND_BREAK REPAIR_VIA_SINGLE_S- across the three OS cell lines. While MAT2A expression showed no sig-
TRAND_ANNEALING, GOBP_DNA_STRAND_ELONGATION_INVOLVED nificant differences among the three cell lines, EZH2 expression corre-
_IN_DNA_REPLICATION, GOBP_DOUBLE_STRAND_BREAK_REPAIR_VIA lated with H3K27me3 levels, with the highest expression in HOS/MNNG
_BREAK INDUCED_REPLICATION (Supplementary Fig. 2A-C,Fig. 3G and the lowest in 143B. We analyzed the protein expression ratio of
and H). These results indicate that inhibiting MAT2A effectively sup- MAT2A to EZH2 and found that the ratio was 1:1 in HOS/MNNG,
presses OS cell proliferation and growth by cell cycle and DNA damage differed in HOS and 143B (Fig. 4I). This suggests that maintaining high
pathways. H3K27me3 levels requires a specific balance between MAT2A and EZH2
protein expression. To further confirm that the sensitivity of 143B cells
to PF-9366 is due to the low expression of EZH2 leading to reduced
H3K27me3 levels, we overexpressed EZH2 in 143B cells and observed
an increase in H3K27me3 levels (Fig. 4J). ChIP-seq analysis showed that
EZH2 overexpression significantly affected gene expression at tran-
scription start sites (TSS) and transcription end sites (TES), with a more
pronounced effect at TSS, consistent with the transcription-repressive
nature of H3K27me3 (Fig. 4K and L). Treatment of
EZH2-overexpressing 143B cells with a MAT2A inhibitor SCR6639 [27]
revealed reduced sensitivity to MAT2A inhibition (Fig. 4M). To assess
the prognostic value of EZH2 expression in clinical OS samples, we
analyzed the Kuijjer dataset (n = 88) using the R2 platform.
Kaplan-Meier analysis revealed that patients with high EZH2 expression
had significantly poorer overall survival than those with low expression
(Fig. 4N), suggesting potential clinical relevance of EZH2 as a prognostic

3.4. MATZ2A inhibition affects tumor growth ex vivo through EZH2-
mediated H3K27me3 modification

Given the differential sensitivity of PF-9366 across various OS cell
lines, we selected the two cell lines with the lowest ICso values, U20S
and 143B, as models to investigate the effects of PF-9366. To further
explore the effects of the MAT2A inhibitor PF-9366 on OS, we treated OS
cell lines 143B and U2-0S with PF-9366 at concentration gradient (0.5
pM, 1 pM, 2 pM, 4 pM, 6 uM) for 72 h and measured MAT2A protein and
mRNA levels. The results showed a dose-dependent increase in MAT2A
expression at both the protein and mRNA levels (Fig. 4A-4C). These
findings are consistent with previous studies reporting that PF-9366
functions as an allosteric inhibitor of MAT2A without reducing its

expression levels, but rather suppresses enzymatic activity and down- marker in osteosarcoma. These experimental results indicate that

stream SAM production [41]. Considering the significant differences in MAT2A inhibition affects tumor growth ex vivo through EZH2-mediated
sensitivity to PF-9366 among the homologous cell lines 143B, H3K27me3 modification

HOS/MNNG, and HOS, as well as the impact of PF-9366 on OS cell

cycle-related pathways and DNA damage-related pathways, we next

examined the effects of PF-9366 on histone modifications at different 3.5. The synergistic effect of EZH2 and MAT2A inhibitors enhances DNA
time points (12h, 24h, 36h, 72h). After 72 h of PF-9366 treatment, damage in osteosarcoma cells

H3K27me3 levels were significantly reduced, while H3K27ac and

H3K36me2 levels showed minimal changes (Fig. 4D). To investigate the Based on the above findings, the reason why HOS/MNNG and HOS
reasons for the differences in sensitivity to PF-9366 among the three cell are less sensitive to MAT2A inhibitors compared to 143B is the high level
lines (143B, HOS/MNNG, and HOS), we assessed the histone modifica- of H3K27me3 mediated by EZH2. This led us to investigate whether
tion levels in these cell lines. The results showed significant differences targeting H3K27me3 would affect OS growth. To address this, we per-

in H3K27me3 levels among the three cell lines, with 143B exhibiting the formed a compound screening assay on OS cell lines (ZOS-M, ZOS-2,
lowest levels, HOS showing intermediate levels, and HOS/MNNG dis- 143B, and HOS/MNNG), as well as HMSC and adipose-derived stem
playing the highest levels. In contrast, H3K9me3 and H3K36me3 levels cells (ADSC). The compound library (n = 44) primarily targeted histone
showed no significant differences (Fig. 4E). This suggests that the modifications, including PRMTs, H4K20, H3K79, H3K4, H3K36, and
sensitivity of OS to PF-9366 may be associated with H3K27me3 levels, H3K27. The results showed that drugs targeting H3K27 exhibited high
where lower H3K27me3 levels correspond to higher sensitivity to cytotoxic effects on osteosarcoma cells, particularly 143B and HOS/
PF-9366. We compared the relevant pathways between HOS/MNNG and MNNG, while causing relatively low cytotoxicity to normal human cells
143B. In 143B, pathways related to histone methylation and methionine (Supplementary Fig. 2D,Supplementary Table 2). Among the H3K27-
metabolism were downregulated, while homologous recombination targeting compounds, the EZH2 inhibitor GSK126 demonstrated
were upregulated in HOS/MNNG (Fig. 4F). This validated our particularly potent killing effects on 143B and HOS/MNNG cells, with

354



B. Yang et al. Journal of Orthopaedic Translation 55 (2025) 346-359
A B
HOS HOS/MNNG C 143B
EZH2i (uM) EZH2i (uM) EZH2i (uM)
V-0 O O O e @ @ @® O O mw@® @ @ @ e
5 © @ O o o -0 @ @ @ O 5@ © O O e -
O o4 sD O 004
259 @ @ @ O Ow x50 @ @ @ @ Ow 5@ @® © O @ Qo
O 012 O 0.08 O 012
120 @ @ @ @ Chiviy 2@ O O @ @ LY .9 @ e @ o g";‘;l_t
| | ell viability
.08 ©-08 Mos
| o4 “los
0- @ ® @ O i, e @ O © @ i >0 @ & @ O
0 125 25 5 10 0 125 25 5 10 0 12 25 5 1 =
MAT2Ai (uM) MAT2Ai (uM) MAL2AT (uM)
Combination index HOS Combination index ‘ HOS/MNNG Combination index 1438
09 S 11 M2 00 104 107
0.7 ! . 7
0.5 041 ) 03 2t o7
041 14y 222 021 0.21 05
0.3 03
01 I o 0.1
MAT2AI (UM)125 25 5 10 10 10 10 MAT2Ai (iM)125 25 5 10 10 10 10 MAT2Ai (iM)125 25 5 10 10 10 10
EZH2i(uM) 10 10 10 10 5 25 125 EZH2i(uM) 10 10 10 10 5 25 125 EZH2i(uM) 10 10 10 10 5 25 125
D E 12h 24h 36h
GSK126 - + . GSK126 -+ -+ o+ -+ o+ - 4
PF-9366 - - + + PF-9366 S S T T T T
H3K9me3 |We . & . < 15kDA EZH2 <«—100kDA
‘. - ﬁ . e
100 6 0L .00 10 24 24 90 63 g 79% 28 25 [OKDA
H3K27me3 < 15kDA MAT2A M o - = | < 40kDA
(U P P 10 18 18 24 50 196 114 76 118 46 JOKOA
H3K36me3 | wa @D S0 @ | 15D\ yH2AX - —
1.00 1.27 1.06 083 =KD
_ o et LD 1.0 10 10 10 10 1.0 67 10 1.0 330
Hidtone H3 | M s 4 4 < 15kDA Y [ ———
<«—40kDA
F Control GSK126 alone _ PF-9366 alone Combined G
- E o= 5 : oo
F) 5 1'5 Kkkk
L} ©
n >
é 03-1.0
(o))
<
SE e 205
- — - e g E
H (GSK126 alone PF-9366 alone Combined & 0 [ g =
> >
Q Q Q
& 0§%%§%%§&@&
& &
I
g 1.5 ***:***
g g -
z &>-"1'0
(o))
205
o
[¢}
o -
: Y i @ D
Q
S S S
2 oV S P
& &K

(caption on next page)



B. Yang et al.

Journal of Orthopaedic Translation 55 (2025) 346-359

Fig. 5. The synergistic effect of EZH2 and MAT2A inhibitors enhances DNA damage in osteosarcoma cells. (A-C) Effects of EZH2 inhibitor (EZH2i, GSK126) and
MAT2A inhibitor (MAT2Ai, PF-9366) on cell viability in osteosarcoma cell lines (HOS, HOS/MNNG, 143B). Upper panels: heatmap of cell viability; lower panels:
combination index (CI) analysis. CI < 0.7 indicates synergy, and CI < 0.3 indicates strong synergy. (D) Western blot analysis of histone modifications (H3K9me3,
H3K27me3, H3K36me3) after combined treatment with GSK126 and PF-9366. Technical replicates = 3. (E) Time-dependent changes in EZH2, MAT2A, and yYH2AX
levels in HOS/MNNG cells treated with GSK126 and PF-9366 for 12, 24, and 36 h. Technical replicates = 3. (F) CASPASE3/7 staining analyzed by Incucyte live-cell

imaging after drug treatments. Scale bar: 400 pm. (G) Quantification of CASPASE3/7 fluorescence intensity after drug treatments, **

**: p < 0.0001, Technical

replicates = 3, Mean + SD. (H) Immunofluorescence staining of DAPI and yYH2AX in osteosarcoma cells treated with different drugs. Scale bar: 20 pm. (I) Quan-
tification of YH2AX fluorescence intensity, ****: p < 0.0001, Technical replicates = 3, Mean + SD.

minimal toxicity to normal human cells. We further investigated
whether the simultaneous targeting of MAT2A and EZH2 would influ-
ence OS growth. We treated OS cell lines 143B, HOS/MNNG and HOS
with a combination of the MAT2A inhibitor PF-9366 and the EZH2 in-
hibitor GSK126. The results showed that in 143B cells, which have low
H3K27me3 levels, cell viability decreased progressively with increasing
concentrations of the MAT2A inhibitor. In contrast, in HOS/MNNG and
HOS cells, which have high H3K27me3 levels, MAT2A and EZH2 in-
hibitors exhibited a synergistic effect. Notably, HOS/MNNG cells, with a
MAT2A/EZH2 protein expression ratio of 1:1, showed a particularly
strong synergistic response (Fig. 5A-5C). Similarly, we further examined
whether the combination of MAT2A and EZH2 inhibitors affected his-
tone methylation in OS cells. The results showed that only the combined
treatment led to a significant reduction in H3K27me3 levels, while
H3K9me3 and H3K36me3 remained largely unaffected (Fig. 5D). We
observed an increase in YH2Ax levels at 24 h following the combined
treatment, with a more pronounced elevation at 36 h (Fig. 5E). CAS-
PASE3/7 and YH2AX fluorescence signals were markedly enhanced in
HOS/MNNG cells following combined treatment, indicating increased
DNA damage and apoptosis (Fig. 5F-I). To validate these findings in an
independent OS model, we performed the same assays in HOS cells.
Consistently, we observed significantly elevated Caspase-3/7 activation
and yH2AX expression in the combination group compared to single-
agent treatments (Supplementary Fig. 3A-3D). These results confirm
that the synergistic effect of MAT2A and EZH2 inhibition is reproducible
across multiple osteosarcoma cell lines.

To evaluate whether this EZH2-H3K27me3 axis also shows hetero-
geneity in clinical osteosarcoma samples, we performed additional an-
alyses using single-cell RNA-seq data from primary tumor samples. We
examined the association between EZH2 expression and the module
scores of the BENPORATH_ES WITH_H3K27ME3 gene set, which rep-
resents PRC2/H3K27me3 target gene repression. Malignant cells were
stratified into EZH2-high and EZH2-low groups based on median
expression levels. We observed that EZH2-high cells exhibited signifi-
cantly lower module scores (Wilcoxon rank-sum test, p < 0.0001),
consistent with stronger H3K27me3-mediated transcriptional repression
(Supplementary Fig. 3E). These results support the presence of func-
tional heterogeneity in the EZH2-H3K27me3 pathway in clinical tumor
settings, thereby reinforcing the biological rationale for the differential
MAT?2A inhibitor sensitivity observed in vitro. These experimental re-
sults suggest that the combination of EZH2 and MAT2A inhibitors
significantly enhances DNA damage by reducing H3K27me3 levels, ul-
timately affects OS growth.

3.6. The synergistic effect of EZH2 inhibitor and methionine-restricted
diet suppresses osteosarcoma growth in vivo

We conducted animal experiments to validate the therapeutic effects
of targeting EZH2 and MAT2A, using GSK126 to inhibit EZH2 and
implementing a methionine-restricted diet (MRD) as an alternative
strategy for targeting MAT2A. The results demonstrated that both
GSK126 and MRD alone suppressed tumor growth, while their combined
treatment resulted in even more pronounced tumor growth inhibition
(Fig. 6A and B). Moreover, mouse body weight remained stable across
all treatment groups, indicating a high level of treatment safety
(Fig. 6C). Immunohistochemical analysis revealed that both GSK126
and MRD reduced the expression levels of the proliferation marker Ki67
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and H3K27me3 in tumor tissues. Notably, the combined treatment
group showed a more significant decrease in Ki67 and H3K27me3 levels
(Fig. 6D and E). Concurrently, the expression of the DNA damage marker
yYH2Ax was significantly increased in the combined treatment group,
suggesting that EZH2 inhibition and MRD synergistically induced DNA
damage in tumor cells (Fig. 6D and E). To further validate the induction
of DNA damage and epigenetic alterations in vivo, we performed
immunofluorescence staining for YH2AX and H3K27me3 in xenograft
tumors. Combination treatment with methionine restriction and
GSK126 resulted in increased YH2AX and decreased H3K27me3 signals,
compared to either monotherapy or control (Supplementary Fig. 4A).
These results are consistent with enhanced DNA damage and H3K27
methylation loss upon dual inhibition of MAT2A and EZH2. To further
confirm the regulatory relationship between MAT2A and EZH2 in vivo,
we performed xenograft assays using EZH2-overexpressing HOS cells.
Compared to vector controls, tumors derived from EZH2-OE cells
showed diminished response to PF-9366 treatment, with significantly
larger tumor volumes and weights (Fig. 6F and G). Body weight
remained unchanged across groups (Fig. 6H). Histological analysis
revealed that EZH2 overexpression restored H3K27me3 levels and
suppressed YH2AX and cleaved caspase-3 expression, indicating reduced
DNA damage and apoptosis (Supplementary Fig. 4B). These results
support the notion that EZH2 upregulation compromises the tumor-
suppressive effects of MAT2A inhibition in vivo, consistent with in
vitro findings. In conclusion, the combination of EZH2 inhibitor and
methionine-restricted diet exhibited a synergistic effect in suppressing
osteosarcoma growth in vivo.

4. Discussion

As an essential amino acid, methionine plays a critical role in tumor
biology. Accumulating evidence indicates that malignant cells exhibit
heightened methionine dependency to sustain proliferation, often out-
competing T cells for methionine uptake within the tumor microenvi-
ronment [42-46]. While methionine deprivation has emerged as a
potential therapeutic strategy [27,37,47], key mechanistic insights
remain limited—particularly the lack of single-cell transcriptomic evi-
dence directly linking methionine metabolism to malignant progression.
Notably, activated methionine pathways have been reported in esoph-
ageal squamous cell carcinoma [48], lung cancer [49], and hepatocel-
lular carcinoma [50], yet their functional significance in other
malignancies requires systematic investigation. Our study addresses this
gap by revealing upregulated methionine metabolism in OS cells
through single-cell transcriptomic profiling. This metabolic reprogram-
ming appears functionally critical, as demonstrated by two comple-
mentary lines of evidence: First, methionine restriction significantly
suppresses colorectal cancer growth in both preclinical models [37,47]
and clinical observations [51]. Second, our metabolite screening directly
correlates methionine availability with enhanced OS cell viability. These
findings collectively position methionine metabolism as a promising
therapeutic target, with microenvironmental methionine depletion
strategies showing broad antitumor efficacy across malignancies [51].

MAT2A, a key enzyme driving methionine metabolism through its
catalytic role in methionine adenosyltransferase cycling, has emerged as
a critical oncogenic driver across malignancies. Clinical analyses reveal
consistent MAT2A upregulation in multiple tumor types compared with
normal tissues, including gastric cancer [52], lung adenocarcinoma
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Fig. 6. The synergistic effect of EZH2 inhibitor and methionine-restricted diet suppresses osteosarcoma growth in vivo. (A) Tumor volume growth curves of sub-
cutaneous tumor models in mice treated with EZH2 inhibitor (GSK126) and MAT2A inhibitor (PF-9366), *: p < 0.05, **: p < 0.01, ****: p < 0.0001. Biological
replicates = 5. (B) Representative tumor images from different treatment groups. (C) Body weight changes in mice over time across treatment groups. Biological
replicates = 5. (D) Immunohistochemistry (IHC) staining of Ki67, H3K27me3 and yH2AX, as well as H&E staining of tumor tissues. Scale bar: 20 ym. (E) Quan-
tification of relative IHC staining intensity, ns: p > 0.05, **: p < 0.01, ****: p < 0.0001. Technical repllcates = 5. (F) Tumor volume growth curves of subcutaneous
tumor models in mice treated with EZH2 Overexpression and MAT2A inhibitor (PF-9366), ns: p < 0.05, **: p < 0.01. Biological replicates = 5. (G) Representative
tumor images from different treatment groups. (H) Body weight changes in mice over time across treatment groups. Biological replicates = 5.
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