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ARTICLE INFO ABSTRACT
Keywords: Osteosarcoma (OS) is the most frequent primary malignant bone tumor. Ferroptosis, a form of regulated cell
Osteosarc'oma death, is a key tumor suppression mechanism. Although methionine adenosyltransferase II alpha (MAT2A) has
Ferroptosis been reported to inhibit several tumor cells, it is unclear whether inhibition of MAT2A in OS cells can reduce
xﬁ:jgb s ferroptosis. CCK-8, flow cytometry, and Transwell assays were performed to evaluate cell viability, cell
STATS /SLg7 A1l apoptosis/cycle, and cell migration, respectively. The levels of ferrous iron and glutathione (GSH) levels in cells

were measured to evaluate the degree of cell ferroptosis. Western blot analysis was performed to detect protein
levels of MAT2A, p-STAT3 (Ser727)/STAT3, and solute carrier family 7 member 11 (SLC7A11) in OS cells.
MAT2A was significantly upregulated in OS specimens and high MAT2A expression was associated with a poorer
prognosis in OS patients. shRNA targeting MAT2A significantly increased OS cell apoptosis, triggered cell cycle
arrest in the G2 phase, and attenuated migration ability in vitro. MAT2A depletion dramatically inhibited tumor
progression of OS in vivo. Overexpression of MAT2A rescued the tumor inhibition caused by miR-26b-5p. MAT2A
knockdown promoted OS cell ferroptosis. miR-26b-5p/MAT2A regulates tumor malignant progression and OS

Abbreviations: OS, osteosarcoma; MAT2A, Methionine adenosyltransferase II alpha; SLC7A11, Solute carrier family 7 member 11; DFO, Deferoxamine; GSH,
Glutathione; STAT3, Signal transducer and activator of transcription 3; DEGs, Differentially expressed genes; GO, Gene ontology.
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cell ferroptosis by controlling p-STAT3 and SLC7A11 expressions. Taken together, our study displayed that miR-
26b-5p/MAT2A triggers ferroptosis in OS cells by increasing intracellular ferrous iron levels and inhibiting the
STAT3/SLC7A11 axis. Our results reveal a MAT2A-mediated ferroptosis defense mechanism used by OS cells and
propose a potential ferroptosis-inducing strategy for the treatment of OS patients.

1. Introduction

Osteosarcoma (OS) is one of the most frequent primary malignant
bone tumors for children and adolescents, which is characterized by a
high propensity for local invasion and metastasis, as well as recurrence
after therapy [1]. Although combining surgery with chemotherapy has
immensely improved the outcomes of OS patients, the prognosis of OS
with metastatic or recurrent is still unsatisfactory [2]. Targeted therapy
has proven to be a promising therapeutic strategy against human ma-
lignancies that are often used in combination with chemotherapy, and
biomarker development has increased the number of patients who
benefit from targeted therapies in recent years [3]. However, OS is a
very heterogeneous tumor, both at the intra- and inter-tumor level, with
no identified driver mutation. Consequently, efforts to improve treat-
ments using targeted therapies have faced this lack of specific OS targets
[4].

Cells undergo ferroptosis as part of their apoptosis, invasion, and
metastasis processes. Divalent iron or ester oxygenase is present during
ferroptosis, which catalyzes the reduction of lipid-derived unsaturated
fatty acids from cell membranes, causing lipid peroxidation and induces
cell death [5,6]. Ferroptosis terminates in mitochondrial dysfunction
and toxic lipid peroxidation [6]. In addition to breast cancer, and
colorectal cancer [7,8], ferroptosis also exerts anticancer effects on OS
[9,10]. Such as, KDM4A regulates SLC7A11 transcription and OS cell
ferroptosis by controlling H3K9me3 demethylation in the promoter re-
gion of SLC7A11, suggesting that KDM4A activity may be a potential
therapeutic target for OS treatment [11]. STAT3 inhibitor reactivated
ferroptosis in the OS cells and consequently increased sensitivity to
cisplatin [12]. The in-depth study of ferroptosis is likely to reveal other
molecular targets that could be used to treat patients with OS.

Cell metabolism provides energy and material basis for cellular
signaling transduction [13]. Methionine adenosyltransferase (MAT)
catalyzes the synthesis of S-adenosyl methionine (SAM) from methio-
nine and ATP, and SAM is an essential amino acid in animals that plays a
crucial role in human cancer owing to its activities in epigenetic regu-
lation, especially DNA methylation [14]. The metabolic enzyme
methionine adenosyltransferase 2a (MAT2A) was identified as a syn-
thetic lethal target in MTAP-deleted cancers, which accounts for 15% of
all cancer types [15]. MAT2A inhibitors substantially reduce SAM and
demonstrate antiproliferative activity in MTAP-deleted cancer cells and
tumors[16], such as osteosarcomas. Anti-cancer therapies are less
effective when MAT2A is expressed in cancer cells [17]. Activation of
MAT2A-related pathways was proved to be carcinogenic progress to
promote proliferation and metastasis in various cancers [18,19]. An
increasing number of studies have implicated the vital role of metabolic
pathways in the regulation of ferroptosis [20]. However, whether
MAT?2A regulates ferroptosis in osteosarcoma cells or not, and its un-
derlying mechanism remains largely elusive.

Emerging evidence suggested that MAT2A was verified as a target
gene of several miRNAs, which formed miRNAs/MAT2A axis were
involved in cancer progression [21-23]. miRNAs exhibit functions by
binding to the 3-untranslated regions of target mRNAs and suppressing
their expression[24]. Some studies have revealed a relationship between
miRNAs and ferroptosis. In radioresistant cells, miR-7-5p inhibited fer-
roptosis via downregulating mitoferrin and thus reducing iron levels.
Furthermore, miR-9 and miR-137 enhanced ferroptosis via reduction of
intracellular GSH levels. Moreover, miR-6852 inhibited growth of lung
cancer cells via promoting ferroptosis[24].The overexpression or inhi-
bition of certain miRNAs plays a significant role in limiting the invasion

and migration of OS cells, miRNA mimics and antagonists may help
improve the efficacy of conventional chemotherapy agents in the
treatment of metastatic OS [25]. Earlier in this study, a series of online
databases and differential analysis, miR-26b-5p was found be abnor-
mally expressed in OS. miR-26b-5p is known to be involved in the
progression of multiple cancers, for example, breast cancer[26], stom-
ach cancer[27], esophageal cancer[28], liver cancer[29] and osteosar-
coma [30,31]. miR-26b-5p inhibits or promotes cancer progression.
miR-26b-5p/CCNB1 axis promotes the tumorigenesis and metastasis of
osteosarcoma[30], and accelerates chemo-resistance of osteosarcoma
[31]. Current studies have shown that ferroptosis is closely related to OS
and could reduce chemotherapy resistance to a certain extent, which has
great therapeutic potential[32]. Based on the above evidences, we hy-
pothesized that miR-26b-5p might be involved in the progression of
osteosarcoma by regulating ferroptosis, but the detailed mechanism
between mir and ferroptosis is still unclear.

Studies have shown that ferroptosis-related gene signature associates
with immunity and predicts prognosis accurately in patients with oste-
osarcoma|33]. In order to further elucidate the relationship between
MAT2A and the occurrence, development and prognosis of osteosar-
coma, and whether knocking out MAT2A could be a drug target for the
treatment of osteosarcoma in the future, and explore novel therapies for
OS, we conducted this study. The present study aims to investigate the
role and underlying mechanisms of MAT2A in regulating ferroptosis and
osteosarcoma progression.

2. Materials and methods
2.1. Patient samples

The study was approved by the Ethics Committee of Zhongshan
Hospital, Fudan University (Y2014-185) according to the Declaration of
Helsinki. Written informed consent was obtained from all participants or
their guardians (for children younger than 18 years). Two cohorts of
patients involving 76 OS tissues and 21 paired normal tissues were ob-
tained from Zhongshan Hospital, Fudan University. The

Table 1
Relationship between MAT2A expression and tumor characteristics in patients
with osteosarcoma.

Features No. of patients MAT2A expression p value
low high

All patients 76 33 43

Age (years) 0.037*

<26 38 21 17

>26 38 12 26

Gender 0.36

Male 51 24 27

Female 25 9 16

Grade malignancy 0.0008%**

G2 41 25 16

G3 35 8 27

T Infiltrate 0.827

T1 13 6 7

T2 63 27 36

lymphatic metastasis (N) 0.849

NO 74 32 42

N1 2 1 1

Stage 0.0008%**

1 41 25 16

2/4 35 8 27
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clinicopathological features of 76 OS patients are listed in Table 1. These
data do not contain identity-related information. None of these patients
had received preoperative chemotherapy or radiation therapy. The
cancer and para-cancerous specimens were divided into two parts: one
part was frozen immediately in a —80 °C refrigerator and the other was
fixed in 4% paraformaldehyde that was subsequently embedded in
paraffin for immunohistochemistry experiments.

2.2. Cell culture and treatments

Normal osteoblasts (hFOB 1.19) and OS cell lines (MNNG/HOS and
U208S) were purchased from American Type Culture Collection (ATCC)
(Manassas, VA, USA). Culture medium was Roswell Park Memorial
Institute 1640 (RPMI-1640) (Corning, USA)) with 10% fetal bovine
serum (FBS) (Gibco), and 1% penicillin/streptomycin (Invitrogen). All
cells were maintained in a humidified environment at 5% CO2 and 37
oC.

Until 70-80% of confluence, cells were transfected using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA, USA). Briefly, overexpressing
(OE) plasmid, a negative control (NC) vector, and short hairpin RNA
(shRNAs) targeting MAT2A and miR-26b-5p mimics or NC were pur-
chased from Guangdong RiboBio LTD.(China), Briefly, cells were
transfected with the plasmids using Lipofectamine 2000 (Invitrogen,
China). Transfection solution was stood for 20 min and applied in each
well. Transfected cells were harvested at 48 h for the following experi-
ments. Expression levels of target genes were determined by immuno-
blotting with corresponding antibodies.

In some cases, OS cells (1.0><106/per well) were plated into a 6-well
plated and cultured in complete media in the presence or absence of
MAT2A inhibitor (FIDAS-5) (10 pM) (Merck Millipore, USA) and/or the
iron chelator deferoxamine (DFO, 100 uM) for 24 h.

2.3. Quantitative real-time polymerase chain reaction (qQRT-PCR)

Total RNA (Invitrogen) was extracted using TRIzol reagent (Invi-
trogen, USA) and their relative complementary deoxyribose nucleic
acid (cDNA) was synthesized by Primescript RT Reagent (TaKaRa,
Japan). QRT-PCR was performed by using StepOne Plus Real-Time PCR
system (Applied Biosystems, USA) with SYBR® Premix Ex Taq™ Re-
agent (TaKaRa). QRT-PCR was performed at 95 °C for 5 min, 95 °C for
15 s, 58 °C for 30 s, and 74 °C for 30 s, for a total of 40 cycles. The
following primers were used for qRT-PCR: MAT2A, F: 5-ATGAACG-
GACAGCTCAACGG-3, R: 5'-CCAGCAAGAAGGATCATTCCAG-3;
miRNA-26b-5p, F: 5-CCTGTGGAGATTGATGGGGT-3, R: 5"
TCTCTGGGCCTCTGACATTC-3; U6, F: 5'-CTCGCTTCGGCAGCACA-3,
R: 5-AACGCTTCACGAATTTGCGT-3; GAPDH, F: 5-GGGAGC-
CAAAAGGGTCAT-3', R: 5'-GAGTCCTTCCACGATACCAA-3'.

2.4. Western blotting analysis

The cells were lysed and homogenized using RIPA Lysis Buffer
(Beyotime, China) with a protease inhibitor. The protein concentration
of the samples was measured using the BCA Protein Assay Kit (Beyotime,
China). Proteins were denatured in boiling water for five minutes after
adding them to loading buffer (Beyotime, China). Each protein sample
(40 pg) was loaded onto an SDS-PAGE 10% gel and transferred to the
PVDF membranes (Millipore, USA). The membranes were blocked with
5% skim milk for 2 h, and incubated with the primary antibodies,
including anti-MAT2A antibody (1:2500, Abcam, ab154343), anti-
SLC7A11 antibody (1:5000; Cell Signaling Technology, 12691), and
anti-STAT3 antibody (1: 1000; Affinity Bioscience, AF6294,), anti-p-
STAT3 (705) antibody (1: 1000; Affinity Bioscience, AF3293), at 4 °C
overnight. The membranes were subsequently incubated with the sec-
ondary antibody for 2 h at room temperature. Finally, the bands were
exposed using the electrochemiluminescence (ECL) and analyzed by
Image Software (NIH, USA).
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2.5. Cell counting kit-8 assay

To measure cell viability, 1x10* cells per well were seeded in a 96-
well plate 1 day before treatment. After indicated treatments, each well
was replaced with a fresh medium containing Cell Counting Kit-8
(CCK8) reagent (Sigma). Cell viability was then analyzed every 24 hr.
The absorbance values of the samples were read at 450 nm using a
fluorescence microplate reader (Thermo Fisher, China) according to the
protocol. Cell viability (%) = (OD value of tested cells/OD value of
control cells) x 100 %.

2.6. Transwell migration assay

Cells were suspended in a serum-free medium with 1.0x10°/ml.
Transwell chamber without Matrigel pre-coating was inserted in the 24-
well plates, containing 200 pL of suspension in the apical chamber and
500 pL of medium with 10% FBS in the basolateral chamber. At 48 h,
chambers were taken out, and penetrating cells were fixed with 5%
paraformaldehyde for 20 min and stained with 1% crystal violet at room
temperature for 10 min. Penetrating cells in five randomly selected
fields of each sample were captured for counting using a microscope
(Nikon Corporation) under x200 magnification.

2.7. Cell apoptosis analysis

After indicated treatments, cells were digested and collected by
centrifugation at 1000 r/min for 5 min. Cells were resuspended and
washed briefly in 1 mL of PBS twice, and then resuspended in 500 pL of
1X binding buffer containing 5 pL of propidium iodide (Beyotime). After
incubated for 5 min in the dark at room temperature, cell apoptosis of
each group was immediately detected under the FACSCanto II flow cy-
tometer (BD Biosciences, USA) following the manufacturer’s
instructions.

2.8. Cell cycle analysis

Cells were seeded in 10 cm dishes (1.5x10° cells/dish) for 24 h of
adherence and were synchronized by 10 uM Nocodazole for 8 h. After
indicated treatments, the cells were washed with PBS and fixed with
70% ice-cold ethanol overnight at —20 °C. Fixed cells were washed in
PBS and stained with Propidium iodide/RNase Staining Buffer for 15
min at room temperature, followed by analysis using a flow cytometer
(BD Biosciences).

2.9. Dual-luciferase reporter gene assay

Until 50-70% of confluence, cells were co-transfected with 2
pg pMiR-report vector-MAT2A 3'UTR and miRNA-26b-5p mimics using
Lipofectamine 2000. Transfected cells were lysed at 48 h for -
luciferase activity determination using the Dual-luciferase Reporter
Assay System. The luciferase reporter vectors were provided by Gene-
Pharma (Shanghai, China). All experiments were repeated three times.

2.10. RNA sequencing

After indicated treatments, total RNA of each group was extracted by
TRIzol (Invitrogen) reagent according to the manufacturer’s in-
structions. RNA quality was assessed using Fragment Analyzer System
(Agilent) and RNA Kit (Agilent). RNA samples were polyA-enriched, and
libraries were prepared using the Illumina TruSeq_Stranded RNA Kkit.
HiSeq 4000 single-end (150 bp) RNA sequencing runs (3 lanes) with a
depth of approximately 20-30 million reads per sample were performed
on an Illumina’s Hi-Seq 2500 device at the Genomic Technologies Fa-
cility of the University of Lausanne.

The differentially expressed genes between OS patients and normal
samples, upon knock downing MAT2A in MNNG/HOS cells, were
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defined by the cutoff of FDR <0.05 with at least a 1.5-fold change. The
expression data of MAT2A, MAT1A, and GNMT were obtained from RNA
sequencing data in OS tissues.

2.11. In vivo experiments

Nude mice (4-5 weeks) were purchased from the Shanghai Experi-
mental Animal Center of the Chinese Academy of Sciences, Shanghai,
and housed in a pathogen-free facility in the Experimental Animal
Centre of Zhongshan Hospital, Fudan University. All animal experiments
were in accordance with the Institutional Animal Care and Use Com-
mittee Guide (IACUC) of Zhongshan Hospital, Fudan University
(2018-014). 1 x10® MNNG/HOS cells in the presence of shMAT2A or
shCtrl in 0.1 mL PBS were injected subcutaneously into unilateral flank
areas of nude mice. Tumor growth was determined for 47 days using
calipers fitted with a vernier scale. Then, tumor-bearing mice were
sacrificed. The tumors formed were surgically removed and weighed.
The length (L) and width (W) were measured with calipers, and tumor
volumes were calculated using the following formula: (L*W?)/2. Tumor
tissues were fixed with histological tissue fixative (Sigma), embedded in
paraffin, and stained with hematoxylin and eosin and KI67 detection.

2.12. Histology and immunohistochemistry.

OS tissues and xenograft tissue samples were collected and imme-
diately fixed in 10% neutral-buffered formalin (ThermoFisher Scientific)
overnight. After being washed once with PBS, samples were transferred
into 70% ethanol and submitted to the Research Histology Core Labo-
ratory at MD Anderson Cancer Center for embedding and hematoxylin
and eosin staining. The antibody used for IHC staining was anti-MAT2A
(1:2500, Abcam, ab154343). Images were obtained at 400x magnifi-
cation using a microscope (Olympus, BX43).

2.13. Ferrous iron assay

Cellular ferrous iron levels were detected using the Cell Ferrous
colorimetric Kit (E-BC-K881-M; Elabscience, China). According to the
protocol, the cells were incubated with FerroOrange for 10 min at 37 °C.
Fluorescence intensity (Ex: 590 nm, Em: 600 nm) was assessed using a
fluorescence microplate reader (Thermo Fisher, China). The ferrous iron
(Fe®*) levels were finally expressed as a ratio to the fluorescence in-
tensity value of the control.

2.14. GSH assay

GSH levels were assayed using the GSH colorimetric Kit (E-BC-K030-
M; Elabscience, China). The culture medium from the wells was care-
fully removed, and 100 pL of prepared 1x GSH Reagent was added,
followed by incubation at room temperature for 30 min. Next, 100 pL of
reconstituted Luciferin Detection Reagent was added to each well and
mixed briefly on a plate shaker. The harvested cells were crushed by
sonication to obtain the supernatant used for measuring the GSH levels
in a fluorescence microplate reader (Thermo Fisher, China). A standard
curve for GSH concentration was generated and the levels of GSH were
expressed as a ratio to the absorbance value of the control cells assessed
at 405 nm.

2.15. Statistical analysis

To determine whether significant genes were enriched in specific
functions, we performed an overrepresentation analysis of Gene
Ontology biological process gene sets using the enricher function of the
clusterProfiler package v.3.10.1. Data are presented as means + SD (n =
3). One-way ANOVA and Tukey’s multiple comparisons test were used
to analyze the data. All statistical analyses were performed using
GraphPad Prism 8. Statistical significance was set at p < 0.05.
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3. Results
3.1. Differential gene analysis and identification of MAT2A in OS

To uncover the dependent genes regulating OS progression, we
performed differential gene expression analysis by subjecting eight OS
tissue samples to bulk RNA-sequencing (RNA-seq). In the principal
component analysis (PCA), OS tumor tissues clustered separately from
their normal counterparts, suggesting reshaping of the OS transcriptome
(Fig. 1A). We identified 2897 differentially expressed genes (DEGs); of
these, 1757 were upregulated and 1140 were downregulated in OS tis-
sues when compared with the para-tumor normal tissues (absolute fold
change >1; adjusted P < 0.02) (Fig. 1B). The analysis of DEGs revealed
that MAT2A was significantly upregulated in OS (|logFC|= 0.925843; P
< 0.01), but MAT1A and GNMT (encoding glycine N-methyltransferase)
were downregulated (Fig. 1C). This implies a strong link exists between
MAT2A and OS progression. Based on this initial result, we next focused
on the function of MAT2A in OS. We further assessed MAT2A expression
in OS cells and found a higher level of MAT2A in two OS cell lines
(MNNG/HOS and U20S) when compared with the control cell line
hFOB1.19 (Fig. 1D). Three shRNAs (shMAT2A-1, shMAT2A-2, and
shMAT2A-3) were selected to knockdown MAT2A expression in MNNG/
HOS cells. We found that the shMAT2A-1-expressing vector was the best
at reducing MAT2A expression and had the most significant effect on cell
viability (Fig. 1E and F). Therefore, we chose sShMAT2A-1 for subsequent
experiments. These results showed that MAT2A was a key gene in
osteosarcoma.

3.2. Evaluating the effect of MAT2A expression in clinically diverse
patients with OS

As shown in Fig. 2A, IHC detected a higher expression of MAT2A in
OS tissues. We found that MAT2A expression in 76 tumor tissue samples
from patients with OS was significantly higher than that in 21 normal
tissue samples (P < 0.001; Fig. 2B). Furthermore, MAT2A expression
was significantly different in patients with OS who differed in age, grade
of malignancy, and pathological stage (Table 1 and Fig. 2B). Impor-
tantly, we observed that MAT2A expression in patients with OS was
positively correlated with the degree of their tumor malignancy. Thus,
MAT2A is related to the occurrence, development, and prognosis of OS,
and could potentially be used as a drug target for the treatment of OS.
Last, we showed that sShMAT2A transfection could reduce the mRNA and
protein levels of MAT2A in MNNG/HOS and U20S cells (Fig. 2C and D).

3.3. Knockdown of MAT2A inhibited the malignant progression of OS
cells in vitro

Moreover, the knockdown of MAT2A significantly reduced cell
viability, increased apoptosis, and induced cell cycle arrest in the G2
phase (Fig. 3A — C). Additionally, MAT2A silencing decreased OS cell
migration when compared with the cells transfected with shCtrl vectors
(Fig. 3D). These findings strongly indicate that MAT2A knockdown
inhibited the malignant progression of OS cells in vitro, showing that it
was a definite oncogenic factor in OS.

3.4. Evaluating the effect of MAT2A expression in a mouse OS xenograft
model

We next injected nude mice subcutaneously with MNNG/HOS cells
to establish xenograft tumors. Consistent with our in vitro observations,
the tumor volume and weight were markedly decreased in the
shMAT2A-transfected MNNG/HOS xenograft mouse model, compared
to untransfected controls (Fig. 4A — C). In accordance, MAT2A expres-
sion was downregulated in xenograft tumors formed using shMAT2A-
MNNG/HOS cells (Fig. 4D). Knockdown of MAT2A in tumor xeno-
grafts inhibited tumor growth in vivo as determined by H&E (Fig. 4E)
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Fig. 1. Identification of key gene MAT2A in
osteosarcoma (OS) samples. (A) Principal
component analysis (PCA) of 8 normal sam-
ples (red circles) and 8 tumor samples (green
circles), performed using all genes detected
by RNA sequencing. (B) Volcano plot
showing upregulated genes more expressed
in OS samples (red points) and down-
DG regulated genes (blue points) when
Stable compared with normal samples, and genes
up not significantly differentially expressed
(gray). MAT2A, MAT1A, and GNMT were
tagged in the heat map. P-value < 0.01,
while the vertical dashed lines depict an ab-
solute log2(fold change) threshold = 1. (C)
The heatmap shows the expression profile of
three genes (MAT2A, MATI1A, and GNMT)
between 8 pairs of OS tumor samples and
para-tumor normal samples after RNA
sequencing. (D) The expression of MAT2A in
hFOB1.19, MNNG/HOS, and U20S cells
were assessed by qRT-PCR. (E) The mRNA
levels of MAT2A in MNNG/HOS cells were
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and IHC staining for Ki67 expression (Fig. 4F). These in vivo experiments
provide solid evidence for the carcinogenic effects of MAT2A in OS.

3.5. Identification of upstream regulatory factors of MAT2A and
exploration of the mechanisms that regulate OS progression

To better understand how MAT2A regulates OS carcinogenesis, we
used four databases (TarBase, TargetScan, miRDB, and StarBase) to
predict the sequences of upstream MAT2A-regulating miRNAs. We
found three overlapping miRNAs: miR-26a-5p, miR-26b-5p, and miR-
340-5p (Fig. 5A); and their levels were upregulated in MNNG/HOS
cells after ssMAT2A transfection (Fig. 5B). Because miR-26b-5p was the
most highly upregulated, it was chosen for use in subsequent studies to
explore how MAT2A is regulated in OS. The interaction between miR-
26b-5p and MAT2A was validated using a dual-luciferase reporter
assay (Fig. 5C). We found that miR-26b-5p was upregulated but MAT2A
was downregulated in eight tumor samples from patients with OS,
compared with their para-tumor normal tissues (Fig. 5D). Interestingly,

when miR-26b-5p was overexpressed, MAT2A expression was signifi-
cantly downregulatedin OS cells (Fig. 5E). Moreover, the over-
expression of miR-26b-5p inhibited the proliferation and migration of
MNNG/HOS and U20S cells. The introduction of MAT2A into these cells
not only caused an obvious increase in their viability and migration
capacity but also restored OS tumor growth (Fig. 5F and G). Together,
these findings indicate that miR-26b-5p confers an anticancer effect by
acting as an upstream regulatory factor of MAT2A and downregulating
its expression in OS tumor cells.

3.6. The miR-26b-5p/MAT2A axis mediated ferroptosis through the
STAT3/SLC7A11 pathway in OS cells

Over-representation analyses were performed against the Gene
Ontology (GO) gene sets from the TARGET-OS database to investigate
the global effects of MAT2A on gene expression programs. There was a
clearly distinguishable difference between OS patients with low MAT2A
expression and those with high MAT2A expression in their upregulated
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mRNA metabolism genes (Fig. 6A). RNA-seq analysis of OS samples and
the GO metabolic analysis of the genes showed a striking enrichment in
metabolism-associated biological processes, especially regulation of
DNA metabolism (Fig. 6B). We further performed RNA-seq tran-
scriptome and gene enrichment analysis and found that the signaling
pathways involved Foxo signaling pathway, Glutathone metabolism,
p53 signaling pathway, MAPK signaling pathway and ferroptosis
pathway (Fig. 6C). Further correlation analysis showed that there was
indeed a significant positive correlation between MAT2A and ferroptosis
(Fig. 6D). These data suggest that the ferroptosis plays a role in OS.

In addition, cell metabolism is believed to play an important role in
ferroptosis regulation [34,35]. Therefore, we treated OS cells with a
MAT2A inhibitor FIDAS-5 (10 pM in DMSO) to further explore MAT2A’s
involvement in ferroptosis sensitivity. To determine the potential
binding mode of FIDAS-5 with MAT2A, we performed dock studies using
the MAT2A crystal structure. The results showed a binding model of
FIDAS-5 with MAT2A (Estimated Free Energy of Binding = —6.18 kcal/
mol) (Fig. 7A and B). The suppression of MAT2A protein levels in OS
cells by FIDAS-5 was first verified by western blotting (Fig. 7C). And, the
level of Fe*" was markedly increased in OS cells treated with FIDAS-5
(Fig. 7D), compared with OS cells treated with DMSO alone, which
was accompanied by a dramatic drop in the abundance of glutathione
(GSH) (Fig. 7E). Transient exposure to FIDAS-5 (24 h) significantly
reduced the viability of OS cells. Importantly, the ferroptosis inhibitor
ferrostatin or the iron chelator deferoxamine (DFO) could reverse
FIDAS-5-induced cell growth inhibition (Fig. 7F). Together, our findings
prove that miR-26b-5p may promote the ferroptosis of OS by inhibiting
MAT2A.

We next studied the signaling pathway that implicates MAT2A in

ferroptosis regulation. On MAT2A knockdown, we found 4625 DEGs in
OS cells. A comparison of these DEGs with 259 ferroptosis-related genes
(from previously published articles) revealed 85 overlapping genes
(Fig. 7G). The top two DEGs, STAT3 and SLC7A11, were selected from
the overlapping gene list. Notably, exposure to FIDAS-5 markedly
reduced the protein levels of phosphorylated (p)-STAT3 and SLC7A11 in
OS cells (Fig. 7H). Based on the ChIP-seq data from the GSE117164
cohort, we found the potential links between STAT3 and SLC7A11, and
MAT2A genes, suggesting STAT3 might mediate ferroptosis through
transcriptional regulation of SLC7A11 and MAT2A in OS. Furthermore,
we selected three OS-related GEO datasets (GSE36001, GSE65071 and
GSE65071) to analyze the expression of miR-26b-5p/MAT2A/STAT3/
SLC7A11 pathway and clinical prognostic features (Supplementary
Fig. S1). These results demonstrate that MAT2A depletion suppressed OS
tumor development through ferroptosis activation via the STAT3/
SLC7A11 signaling pathway.

4. Discussion

Through the STAT3/SLC7A11 pathway, we demonstrated a key role
for MAT2A in regulating OS cell ferroptosis. There is an association
between high levels of MAT2A expression and a poorer prognosis in
patients with OS. Depleting MAT2A significantly increased tumor cell
apoptosis and induced tumor cell cycle arrest in the G2 phase, so OS cells
became less viable and migratory in vitro. MAT2A targeting significantly
inhibited tumor growth in vivo, as we found, suggesting that MAT2A
activity may be a potential therapeutic target for OS treatment.

Metastasis was the key issue affecting the prognosis of patients with
OS. Our results highlighted that MAT2A plays an oncogenic role in the
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Fig. 3. MAT2A shRNA transfection decreases MAT2A expression, suppresses cell growth and migration, and induces cell apoptosis, and cell cycle arrest. (A) CCK-8
assays showed that the knockdown of MAT2A remarkably suppressed the viability of MNNG/HOS and U20S cells. (B) The apoptosis rate of MNNG/HOS and U20S
cell lines was significantly increased after MAT2A shRNA transfection. (C) Knockdown of MAT2A arrested cell cycle at the G2/M period. (D) The migration abilities
of MNNG/HOS and U20S cell lines was significantly inhibited by knockdown of MAT2A. Scale bar, 50 pm. Data represent the mean =+ S.D. from three independent
experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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progression of OS, highly expressed miR-26b-5p restrained MAT2A
expression, thereby inhibiting cell growth and migration in OS cells, and
MAT2A depletion significantly promotes ferroptosis in vivo.

A growing volume of evidence has demonstrated that a diverse
number of metabolic pathways ultimately converge in ferroptosis [20].
Ferroptosis is a recently identified metabolic stress-induced non-
apoptotic form of regulated cell death that is caused by cystine depletion
and overproduction of lipid-based reactive oxygen species (ROS),
particularly lipid hydroperoxide, in an iron-dependent manner [36].
Cellular iron, lipid, and glutaminolysis metabolism have been deemed
the major metabolic processes impacting cell vulnerability to ferroptosis
[20]. Our data suggested that the MAT2A-mediated anticancer effect is
associated with cell metabolism involved in ferroptosis, and linked

MAT2A-wt: 5’-ggaaAUCCCUUCA-lIJ?(iLIJL‘GAa-?
miR-26b-5p: 3'-uggaUA-GGACUUAAUGAACUu-5’
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Fig. 5. MiR-26b-5p reversed the reg-
ulatory effects of MAT2A on cell
viability and migratory potentials
of osteosarcoma (OS). (A) Venn dia-
gram showing the overlapping miR-
NAs targeting MAT2A among four
online predicted databases (Tarbase,
TargetScan, miRDB, and Starbase). (B)
qRT-PCR indicated that the mRNA
levels of miR-26a-5p, miR-26b-5p, and
miR-340-5p were significantly upre-
gulated in MNNG/HOS cells after
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MAT2A function to ferroptosis in OS. However, the underlying mecha-
nisms by which MAT2A-mediated ferroptosis remain poorly understood.
Glutathione peroxidase 4 (GPX4) utilizes reduced glutathione (GSH) to
reduce lipid hydroperoxides to lipid alcos, to protect cells against
membrane lipid peroxidation and inhibit ferroptosis [37]. At that time,
researchers found that cystine deprivation causes cell death with a
unique microscopic morphology and that restoration of GSH promotes
cell growth [38]. Insufficient cystine supply induces metabolic stress
and provokes ferroptosis cell death in tumor cells [36]. Here, MAT2A
deletion by FIADS-5 treatment in OS cells results in increased Fe2+
content and decreased GSH synthesis and cell viability. Furthermore,
desferrioxamine (DFO) can reduce the content of free iron directly.
Importantly, FIADS-5-induced cell death could be largely suppressed by
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Fig. 6. Identification of ferroptosis pathway in osteosarcoma (OS). (A) GO metabolic analysis for the differently expressed genes in OS patients with high or low
MAT2A expression from the TARGET dataset. (B) GO metabolic analysis of the genes from the RNA-seq data between OS and normal samples. Top annotation clusters
are shown according to their enrichment scores, “regulation of DNA metabolic process” was the most significantly enriched. (C) Lollipop chart displaying the KEGG
enrichment analyses, based on the RNA-seq data between normal and OS group. (D) Correlation analysis of MAT2A and ferroptosis pathway based our RNA-seq data.

the ferroptosis inhibitor ferrostatin (DFO), suggesting activation of fer-
roptosis in tumor cells is detrimental to cell survival.

Solute carrier family 7 member 11 (SLC7A11), one catalytic subunit
of the cystine/glutamate antiporter system Xc ™, is the major transporter
of extracellular cysteine [7,39]. Correspondingly, cystine depletion
block SLC7Al1l-mediated cystine uptake to induce ferroptosis [36].
SLC7A11, which transports cystine into the cells, enhances GSH syn-
thesis, further promoting the inhibition of ferroptosis by GPX4. Signal
transducer and activator of transcription 3 (STAT3) belongs to the STAT
family and is a vital transcription factor involved in inflammation and
tumor progression [40]. Classical STAT3 activation involves the phos-
phorylation of STAT3 at Tyr705 (p-STAT3 (7 05)), which interacts with
and inhibits P53 [41]. As described above, it is critical to inactivate
STAT3 to halt tumor progression. More importantly, STAT3 over-
expression, and SLC7A11 overexpression, were shown to rescue OS cell
ferroptosis [42]. Fortunately, the ferroptosis-related genes STAT3 and
SLC7A11 were significantly altered by MAT2A in the present study. Our
study displayed that FIADS-5 treatment reduced p-STAT3 and SLC7A11
expressions in OS cells, suggesting MAT2A depletion suppressed
tumorigenesis by facilitating ferroptosis at least partly through STAT3/
SLC7A11 signaling pathway.

In cell line studies, ferroptosis can be specifically induced by treat-
ment with MAT2A inhibitor FIDAS-5. Currently, our ability to study the
clinical relevance of ferroptosis in cancer biology is hindered by a lack of
established assays for characterizing ferroptosis in tissue and tumor
samples. To our knowledge ferroptosis has not previously been

identified in tumor samples in vivo. In our study, we conducted cell
ferrous colorimetry analysis on tumor cells, the gold standard assay for
characterizing cell ferroptosis, and provided definitive evidence of fer-
roptosis in tumors with MAT2A depletion.

This study extends the results of previous studies and has many in-
novations. Similar to previous study, which showed that activation of
MAT2A-ACSL3 pathway protects cells from ferroptosis in gastric cancer
[43], our study also explores the effects of MAT2A associated pathways
and ferroptosis on cancer. The biggest highlight and difference of this
study is that we selected targeted MAT2A based on RNA sequencing data
of collected clinical samples in our hospital. However, previous study
achieved the goal through in vitro and in vivo experiments and relevant
molecular analyses. The previous study linked MAT2A with the down-
stream ACSL3 signaling pathway, which differ from miR-26b-5p/
MAT2A/STATS3 signaling axis in our study. This finding may reveal
several novel targets for inhibiting osteosarcoma progression via fer-
roptosis pathway.

Previous findings have also suggested that miR-26b-5p is involved in
the progression of osteosarcoma. For example, CircPVT1 promotes the
tumorigenesis and metastasis of osteosarcoma via mediation of miR-
26b-5p/CCNB1 axis[30]. Circular RNA_ANKIB1 accelerates chemo-
resistance of osteosarcoma via binding microRNA-26b-5p and modu-
lating enhancer of zeste homolog 2[31]. In the present study, the role
and mechanism of MAT2A in regulating the progression of ferroptosis
and osteosarcoma were discussed, and the epigenetic mechanism
mediated by miR-26b-5p/MAT2A was identified, which further
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Fig. 7. The miR-26b-5p/MAT2A axis mediated ferroptosis through STAT3/SLC7A11 pathway in osteosarcoma (OS). (A) Chemical structures of FIDAS-5 and protein
structure of MAT2A. (B) Computational molecular docking analysis to investigate the interaction of FIDAS-5 binding to MAT2A. The green molecule represents
FIDAS-5. The Estimated Free Energy of Binding of FIDAS-5 with MAT2A protein is —6.18 kcal/mol. (C) Western blot analysis of MAT2A expression in MNNG/HOS
and U20S cells treated with FIDAS-5 (10 pM) dissolved in DMSO for 24 h. The histogram on the lower represents the results of the statistical analysis. (D) FIDAS-5
treatment (24 h) induced ferrous iron (Fe?>") accumulation in MNNG/HOS and U20S cells. (E) Relative abundance of GSH was measured by GSH colorimetric Kit in
MNNG/HOS and U20S cells treated with FIDAS-5 (10 pM) or DMSO for 24 h. (F) MNNG/HOS and U20S cells were treated with FIDAS-5 (10 pM) for 24 h and then
were treated with DFO (100 pM), and then cell viability was determined. Deferoxamine (DFO) rescues cells from FIDAS-5-induced cell inactivation. (G) Venn diagram
showing 85 key overlapping genes, including STAT3 and SLC7A11, which are contained in both 4625 DEGs and 259 ferroptosis-related genes, simultaneously. (H)
Western blotting analysis shows the expression of p-STAT3, STAT3, and SLC7A11 in MNNG/HOS and U20S cells treated with FIDAS-5 (10 pM) or DMSO for 24 h.
The histogram on the lower represents the results of the statistical analysis. Data represent the mean + S.D. from three independent experiments. **, p < 0.01; ***, p
< 0.001. (I) Genome browser display of STAT3-binding events on promoters of SLC7A11 gene and MAT2A gene, data from previous reported ChIP-seq data
(GSE117164). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

enhanced the study of miR-26b-5p on the progression of OS tumors and for OS. We would like to explore the synergistical anti-tumor effect of
provided new ideas for the treatment of OS.Although inhibition of the combination of Specific MAT2A inhibitors and ferroptosis inducers
MAT2A and FIDAS-5 specifically induces ferroptosis in cell lines, our in the future. These advances may pave the way for novel treatments
capacity to research the clinical relevance of ferroptosis in cancer requisite for patients with OS in need of new therapies.

biology limits ferroptosis in tissue and tumor samples. To our knowl-

edge, ferroptosis has never been detected in live tumor specimens. In our CRediT authorship contribution statement

study, we performed a colorimetric iron test on tumor cells, which is the

gold standard test for describing cellular ferroptosis and provided clear Shuchi Xia: Investigation, Formal analysis, Methodology, Concep-
evidence of tumor ferroptosis following MAT2A deficiency. tualization. Yun Liang: Investigation, Formal analysis, Methodology,

Our data cast light on the potential role of the miR-26b-5p/MAT2A- Conceptualization. Yuqing Shen: Validation. Wuxue Zhong: Valida-
STAT3/SLC7A11 signaling axis in the efficacy of ferroptosis-mediated tion. Yiqun Ma: Validation, Conceptualization.
cancer treatment (Graphical Abstract). Specific MAT2A inhibitors
could induce ferroptosis, which suggests a novel cancer therapy strategy
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