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Methionine deprivation inhibits glioma
proliferation and EMT via the TP53TG1/
miR-96-5p/STK17B ceRNA pathway
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Recent research highlights the significant impact ofmethioninemetabolismongliomaprogression. An
increasing amount of compelling evidence bridges long non-coding RNAs to abnormal metabolism in
gliomas. However, the specific role of long non-coding RNAs in methionine metabolism regulating
glioma progression remains unclear. This study reveals that methionine deprivation inhibits the
proliferation,migration, and invasion capabilities of gliomas. Interestingly, the expressionofTP53TG1,
a long non-coding RNA, is also suppressed. TP53TG1 is highly expressed in gliomas and associated
with poor patient outcomes. Subsequently, our data proves that inhibition of TP53TG1 suppresses
glioma cell proliferation and the epithelial-mesenchymal transition process both in vitro and in vivo.
Ultimately, we found that the underlying mechanism involves a competing endogenous RNA
regulating network, in which TP53TG1modulates the target protein STK17B by competitively binding
to miR-96-5p, thus regulating glioma progression. These findings suggest that targeting methionine
deprivation could be a promising approach for the clinical treatment of glioma.

Background
Gliomas, common malignant tumors in the central nervous system, pose a
grim prognosis for patients, with current treatments showing limited effi-
cacy. Consequently, there is a growing acknowledgment of the potential in
targeting glioma metabolism as an innovative therapeutic approach1,2.
Characterized by rapid proliferation and dysregulated metastasis, tumor
cells demand a substantial energy supply, compelling them to modify their
metabolic patterns, notably in glycolysis, the pentose phosphate pathway,
and amino acidmetabolism3. Studies indicate that abnormalmetabolism of
glutamine, asparagine, lysine, and other amino acids hold significant
importance in driving glioma progression4–6. For example, glutamine is
absorbed and metabolized in significant quantities, subsequently providing
energy and essential materials for the proliferation of glioma cells7,8.
Moreover, asparagine has been reported to confer resistance to apoptosis in
tumor cells4. Within the glioma microenvironment, the abnormal

metabolism of arginine and tryptophan contributes to the formation of an
immunosuppressive environment9–11. Methionine, an essential amino acid,
plays a crucial role in various tumors, including gliomas. Substituting
external methionine with homocysteine in the environment inhibits tumor
cell proliferation, causing cell cycle blockage and apoptosis, a phenomenon
known as the Hoffman effect12,13. This observation hints at the possibility
that limiting methionine uptake could impede glioma advancement,
although the precise mechanisms remain unclear.

Long non-coding RNAs (lncRNAs), RNA transcripts exceeding
200 nucleotides in length, have recently emerged as crucial players in
intricate regulating network, influencing both transcriptional and
post-transcriptional regulation processes14–16. Moreover, they are
closely associated with glioma progression, impacting proliferation,
migration, invasion, or metabolic reprogramming of glioma cells.
LncRNAs exert their effects in glioma through various mechanisms,
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including the induction of mRNA instability, participation in com-
peting endogenous RNA networks, interaction with proteins to reg-
ulate their functions, and facilitating intercellular communication via
exosome release17. For instance, LINC00606 regulates glioblastoma
progression by sponging miR-486-3p and targeting TCF1218. Fur-
thermore, lncRNAs can also influence related signaling pathways in
glioma, such as the PI3K/Akt/mTOR pathway, MAPK pathway, Wnt/
β-catenin pathway, and others19. LncRNA NCK1-AS1 has been
reported to activate the Wnt/β-catenin pathway, promoting tumor-
igenesis in glioma20. Recent studies have confirmed that lncRNAs are
involved in methionine metabolism in a variety of tumors, but most
studies concentrate on investigating the role of lncRNAs as upstream
regulators by influencing methionine or its metabolites, including
S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), or
genome-wide methylation levels. For example, LINC00662 and
lncRNA SNHG6 have been shown to regulate the progression of
hepatocellular carcinoma by modulating methionine metabolism21,22.
However, there is limited research on whether methionine metabo-
lism can regulate tumor progression, particularly gliomas, through its
effects on lncRNAs which serve as downstream regulators.

Recently, Salmena et al. proposed a novel hypothesis regarding com-
peting endogenous RNA (ceRNAs), which encompasses circRNAs,
lncRNAs, and mRNAs capable of binding to miRNAs via microRNA
response elements (MREs) possessing identical or similar complementary
sequences23. This interaction facilitates the communication between pre-
viously unrelated transcriptional samples to communicate, using the “lan-
guage of RNAs” MREs24. LncRNAs can function as ceRNAs by
competitively absorbing miRNAs in gliomas. Consequently, the inhibitory
effect ofmiRNAsondownstream targetmRNAs is rescued, affecting glioma
progression25–27. However, further investigation is required to ascertain
whether lncRNAs functioning as ceRNAs are involved in methionine
metabolism and influence glioma progression.

This study aims to explore the impacts of methionine depriva-
tion on glioma progression and the associated molecular mechan-
isms. Here, our findings demonstrate a substantial inhibitory impact
on glioma progression both in vitro and in vivo following methionine
deprivation. Further analysis unveils the regulatory mechanism of
methionine metabolism in glioma progression, implicating lncRNA
TP53TG1 acting as a ceRNA by sponging miR-96-5p, thereby mod-
ulating the expression of STK17B, which in turn affects glioma
proliferation and epithelial-mesenchymal transition (EMT) process.
These results suggest that a methionine-deprived diet holds promise
as a potential therapeutic strategy for glioma treatment. Additionally,
lncRNA TP53TG1 may serve as a promising prognostic marker and a
novel therapeutic target for patients with glioma.

Methods
Tissue samples
This study used 20 pairs of low-grade gliomas, glioblastoma multiforme,
and their corresponding adjacent tissue samples obtained from patients
undergoing surgical resection at the First Affiliated Hospital of Harbin
Medical University in Harbin, China. All tissue samples were promptly
frozen in liquid nitrogen upon collection and stored at -80 °C. Ethical
approval was acquired from the ethics committee of the First Affiliated
Hospital of HarbinMedical University and adhered to the principles of the
Declaration of Helsinki, and informed consent was obtained.

Cell lines and cell culture
The human glioblastoma cell lines U251 and LN229 and normal
human astrocyte cell lines were purchased from the China Infra-
structure of Cell Line Resource (National Science & Technology
Infrastructure). The normal group cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (BOSTER, China), whereas the
methionine-deprived group cells were cultured in customized
DMEM without methionine (BOSTER, China), all containing 10%

fetal bovine serum (Sigma, USA) and 1% penicillin–streptomycin
solution (Cat#SC118-01, Seven, Beijing, China). Cells were main-
tained in an incubator (Thermo, USA) with 5% CO2 and a tem-
perature of 37 °C.

Dual-luciferase assay
The binding sites forTP53TG1 and STK17BwithmiR-96-5pwere predicted
using RNAhybrid and starBase 3.0. The Wild type and Mutant 3′UTR
sequences of TP53TG1 and STK17B were designed and inserted into the
luciferase reporter GV272 vector (Shanghai Genechem Co., Ltd). These
plasmids were then co-transfected withmiR-Nc ormiR-96-5pMimics into
293 T cells. The luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, USA) on an enzyme meter (Tecan
Infinite).

Gene set enrichment analysis (GSEA)
GSEA was used to explore the relationship between TP53TG1 and STK17B
with the EMT process. The cluster profile package obtained from https://
www.gsea-msigdb.org was used for this analysis.

Cell transfection
LN229 and U251 cells were transfected with Lipofectamine 8000
reagent (Cat#C0533, Beyotime, China). The small interfering RNAs
(siRNAs) (si-TP53TG1#1,2, si-STK17B#1,2), overexpression plas-
mids (oe-TP53TG1, oe-STK17B), miR-96-5p inhibitor, mimics, and
negative controls, were purchased from China General BIOL (Anhui)
Co., Ltd. Lentiviruses shNC (negative control) and shTP53TG1
(TP53TG1 knockdown) were used to establish stable glioma cell lines
obtained from Shanghai Genechem Co., Ltd. Transfections were
conducted in accordance with the instructions provided in the
manual. The sequences mentioned above are displayed in Supple-
mentary Table 1.

qRT-PCR
Glioma tissue samples and cells’ total RNA were extracted by TRIzol
reagent (Cat#T9424, Sigma, USA). cDNA synthesis was conducted
with the Transcriptor cDNA Synthesis Kit (Cat#4897030001, Roche,
Switzerland). Quantitative real-time polymerase chain reaction (qRT-
PCR) analysis was performed by applying an ABI Prism 7500 rapid
thermocycler (Applied Biosystems, USA) in conjunction with SYBR
Green Master (Cat#4913914001, Roche, Switzerland) as per the
standard protocol. GAPDH and U6 SnRNA (small nuclear RNA)
served as control genes. Primers used were customized by China
General BIOL (Anhui) Co., Ltd., and their sequences are provided in
Supplementary Table 2.

MTT assay and Colony formation assay
Cell viability was evaluated using MTT reagent (Cat#HY-15924,
MCE, USA). Approximately 2000 glioma cells were seeded in each
well of a 96-well plate containing 100 µL of culture solution. After
24 h, the cells were treated with relative siRNAs or overexpression
plasmids for 48 h. Subsequently, an MTT solution was added fol-
lowing standard protocols. After a 4 h incubation, 150 µL of DMSO
was added to each well after removing the supernatant. Finally, the
absorbance was detected at 490 nm using an enzyme meter (TeCan
Sunrise).

For colony formation assay, transfected glioma cells were cul-
tured at a density of 500 cells per well in 6-well plates with suffi-
cient culture medium and incubated to form colonies. After
14 days, washed the cells with phosphate buffer saline (Cat#SC106-
01, Seven, Beijing, China), fixed with 4% paraformaldehyde
(Cat#SI101-01, Seven, Beijing, China), and stained with 0.1% crystal
violet (Cat#C0121, Beyotime, China). The number of colonies was
calculated using ImageJ software (version 1.54 d, National Institutes
of Health).
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EdU assay
The EdU Kits (Cat#C0071S, Beyotime, China) were utilized to evaluate
glioma cell proliferation. LN229 and U251 cells were cultured on a cover
glass in 6‐well plates and transfected with the respective siRNAs or over-
expression plasmids for 48 h. Subsequently, EdU reagentwas addedperwell
follow the instruction. Then fixed the cells with 4% paraformaldehyde and
permeabilized with Triton X-100 (Cat#P0096, Beyotime, China). After
staining with the EdU reaction mixture, the cell nuclei were labeled using
mountingmediumwithDAPI (Cat#AB104139,Abcam,UK). EdU-positive
cells were observed by the fluorescence microscope (Leica, Germany).

Transwell assay
Themigration and invasion abilities of glioma cells were evaluated by using
Transwell chambers (Cat#TCS003024, JET BIOFIL, China) coated with or
without Matrigel (Cat#356234, Corning, USA). Approximately 5 × 104

cells/200 µL of serum-free DMEM were added to the upper chamber,
whereas 500 µL DMEM mixed with 10% fetal bovine serum was added to
the lower chamber. After 48 h, cells that moved to the other side of the
membrane were fixed and stained. The cells were observed by microscope,
and images were captured.

Western blot analysis
Glioma tissue and cell proteins were extracted using RIPA Lysis Buffer
(Cat#SW104-02, Seven, Beijing, China), and the protein concentration was
determined with Enhanced BCA Protein Assay Kit (Cat#P0010, Beyotime,
China). Protein extraction andwestern blot assayswere conducted according
to the protocols outlined in our previous study28. Protein bands were visua-
lized and recorded using the GeneGnome XRQ Imaging System (Syngene,
UK), and protein expression intensity was quantified employing ImageJ
software (version 1.54 d, National Institutes of Health). Primary antibodies
used were anti-GAPDH (Cat#BM1623, BOSTER, China), anti-E-cadherin
(Cat#20874-1-AP, proteintech, China), anti-N-cadherin (Cat#22018-1-AP,
proteintech, China), anti-vimentin (Cat#10366-1-AP, proteintech, China),
anti-STK17B (Cat#2294, Cell Signaling TECHNOLOGY, USA), and sec-
ondary antibodies used were HRP Goat Anti-Rabbit IgG (Cat#AS014,
ABclonal, China) and HRP Goat Anti-Mouse IgG (Cat#AS003, ABclo-
nal, China).

Animal model
Female nudemice (4–6 weeks) with weight of 15–20 g were purchased from
Liaoning Changsheng Experimental Animal. Technology Co. Ltd (China)
and housed in a specific pathogen-free environment at 23–25 °C. Sub-
cutaneous and orthotopic xenograft nude mouse models were established to
evaluate glioma cell growth in vivo. For the orthotopic xenograft model, the
mice were randomly divided into two groups for LV-shNC (n= 6) and LV-
shTP53TG1 (n= 6). Themicewere anesthetized via intraperitoneal injection.
Then, the lentivirus transfected stable LN229 cells (1 × 106) in serum-free
DMEM (6 µL) were implanted into the mice brain. The injection site was
2.5mm to the right of the sagittal suture, 0.5mm posterior to the coronal
suture, and 3.5mmbelow the skull. Tumor size was assessed usingmagnetic
resonance imaging after 3 weeks, and the mice were then monitored until
death, with survival curves plotted accordingly. Tumor volumes in magnetic
resonance imagingweremeasured by ImageJ software andMicroDicom. For
the subcutaneous xenograft model, 1 × 106 LN229 cells were subcutaneously
injected into the right armpit of the mice. After 2 weeks, the mice were
randomly divided into two groups for normal (n = 4) or methionine depri-
vation (n= 4) feeding. Tumors were removed and measured after an addi-
tional 2 weeks. Mice were euthanized by cervical dislocation following
anesthesia. The selection of our sample size was consistent with previous
report from our group which was mentioned in Western blot section. No
animals or data points were excluded from this study, and data from three of
the most representative MRI images were selected for statistical analysis. All
animal experimentswere conducted in a blindedmanner andwere approved
by the Ethics Committee of the First Affiliated Hospital of Harbin Medical

University. These experiments complied with relevant laws and regulations
and adhered to the ARRIVE guidelines.

Immunohistochemical (IHC) staining
Glioma tissues were obtained from orthotopic xenograft nude
mouse models, and tissue sections were stained for Ki-67
(Cat#A16919, ABclonal, China), E-cadherin (Cat#20874-1-AP,
Proteintech, China), and vimentin (Cat#10366-1-AP, Proteintech,
China). All procedures were performed according to the standard
IHC staining protocols29.

Microarray analysis
Differentially expressed lncRNAs in glioma cells following methionine
deprivation were detected and analyzed using the Arraystar Human
LncRNAmicroarray (KangChenBio-tech, Shanghai. China). The datawere
subsequently normalized.

Statistical analysis
Data were obtained from at least three independent replications. Students’
t-tests or one-way analyses of variance (Prism software version 9.5.1) were
used to analyze differences among groups. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, in the graphs. All experiments were repeated
more than three times.

Results
Methioninedeprivation exerts inhibitory effects onglioma in vitro
and in vivo
We cultured LN229 and U251 glioma cells in regular and methionine-
deprived mediums for 48 h to investigate the effect of methionine depri-
vation on glioma cells. Compared with the group cultured in a normal
medium, the viability of glioma cells cultured in a methionine-deprived
medium for 48 h showed a significant reduction (Fig. 1A). Methionine
deprivation’s impact on glioma cell proliferation was confirmed using a
colony formation assay. A significant decrease in colony counts of LN229
and U251 cells cultured under methionine-deprived conditions was
observed (Fig. 1B). Additional confirmation was attained using the EdU
assay, which exhibited a notably lower proportion of green fluorescence
(indicating cell proliferation activity) in the methionine-deprived group
than in the normal group (Fig. 1C). The transwell assay demonstrated that
the malignant migration and invasion abilities of glioma cells were wea-
kened after methionine deprivation (Fig. 1D). To validate these findings
in vivo, we established an ectopic planting model in nude mice by inocu-
lating themwith LN229 glioma cells. The glioma tissues of themethionine-
deprived diet group exhibited evidently smaller volume and lower weight
than those of the normal feeding group, confirming the earlier in vitro
results (Fig. 1E).

Methionine deprivation affects the lncRNATP53TG1/miR-96-5p/
STK17B ceRNA network in glioma
We investigated the underlying mechanisms involved based on the
experimental results. LncRNAs is a series of RNAmolecules involved in the
gliomametabolic pathways.Wehypothesized that lncRNAsmay contribute
significantly to the effects of methionine deprivation on glioma; thus, we
analyzed the expression levels of lncRNAs through RNA sequencing after
culturing U251 glioma cells in normal ormethionine-deprivedmedium for
48 h. A total of 99 lncRNAs exhibited reduced expression levels following
methionine deprivation (p < 0.05, |log2FC |≥1). We identified two inter-
secting genes, TP53TG1 and LINC00461, by overlapping the 99 down-
regulated lncRNAs with the 132 upregulated lncRNAs observed in glioma
tissues from The Cancer Genome Atlas (TCGA) database (Fig. 2A). Next,
the overall survival times associated with these two genes were analyzed
using the GEPIA2 database30. Patients with high expression of TP53TG1
exhibited relatively short survival times, whereas the opposite result was
observed for LINC00461 (Fig. 2B). Additionally, TP53TG1 showed
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increased expression levels in glioma tissues and cell lines (Supplementary
Figure 1A).

As lncRNAs exhibit different regulatory modes based on their
subcellular localization, we predicted the localization of TP53TG1
using several websites, including lncATLAS, iLoc-lncRNA, lncLo-
cator, and RNALocate v2.0. All analyses consistently indicated that
TP53TG1 was predominantly localized in the cytoplasm rather than
in the nucleus31–34 (Supplementary Figure 1B). Given that cytoplasmic
lncRNAs typically exert their regulatory roles through the ceRNA
network, we hypothesized that TP53TG1 may function similarly. We
searched for mRNAs and miRNAs associated with TP53TG1 in the
ceRNA network to validate this hypothesis. We used miRcode,
starBase, miRDB, MiRTarBase, and TargetScan websites to predict 2
miRNAs and 68 mRNAs associated with TP53TG135–39 (Fig. 2C).
Subsequently, we performed a differential expression analysis for
these 68 mRNAs and identified STK17B as the mRNA exhibiting
upregulated expression in glioma tissues with the largest differential
value. This finding was corroborated by western blot analysis results.
Correlation analysis also revealed a robust association between
STK17B and TP53TG1 (Fig. 2D–F, Supplementary Fig. 1C, D). To
further confirm TP53TG1 and STK17B as target genes, we performed
a GSEA, which indicated a positively correlated between TP53TG1
and STK17B with EMT process (Fig. 2G). EMT refers to a process in
which cells derived from epithelial tissue transition to a mesenchymal
phenotype, resulting in enhanced migratory and invasive capabilities
of the cells40. This finding aligns with earlier observations of altered
migration and invasion abilities of glioma cells following methionine
deprivation. After identifying the lncRNAs and mRNA in the

relevant ceRNA network, we focused on the sole miRNA, miR-96-5p,
which TP53TG1 and STK17B simultaneously adsorb.

Subsequently, we identified the expression levels of these three
genes in glioma cells under methionine deprivation. qRT-PCR results
revealed decreased TP53TG1 and increased miR-96-5p expression
levels, while western blot experiments validated a reduction in STK17B
protein levels, aligning with our previous predictions (Fig. 2H, I, Sup-
plementary Fig. 1E).

Validation of the lncRNA TP53TG1/miR-96-5p/STK17B ceRNA
network mechanism
To further confirm the establishment of the ceRNA network, we
designed the overexpression plasmid and two siRNAs to upregulate or
downregulateTP53TG1’s expression in glioma cells (Supplementary Fig.
1F, G). We observed that the protein level of STK17B was increased
while the expression level of miR-96-5p decreased when TP53TG1 was
overexpressed. Contrasting results were observed when TP53TG1
expression was downregulated (Fig. 3A–D, Supplementary Fig. 2A, B).
Furthermore, following the addition of miR-96-5p inhibitor or mimics
(Supplementary Fig. 1H), the protein level of STK17B was upregulated
or downregulated (Fig. 3E, F, Supplementary Fig. 2C, D). Moreover,
after knocking downTP53TG1, adding amiR-96-5p inhibitor resulted in
a rescue effect on reducing STK17B protein levels (Fig. 3G, Supple-
mentary Fig. 2E). Dual luciferase reporter assays’ results revealed that
miR-96-5p overexpression inhibited luciferase expression levels of the
TP53TG1-WT and STK17B-WT groups (Fig. 3H). These data indicate
that lncRNA TP53TG1 competitively absorbs miR-96-5p to regulate
STK17B as part of a ceRNA network in gliomas.

Fig. 1 | Methionine deprivation exerts inhibitory effects on glioma in vitro and
in vivo. ACell viability of glioma cells is assessed using theMTT assay after culturing
with methionine-deprived medium for 48 h. B The size and number of colonies are
observed using colony formation experiments after culturing glioma cells in
methionine-deprived medium. C EdU assay is used to examine cell proliferation
after culturing glioma cells inmethionine-deprivedmedium for 48 h. The scale bar is

100 μm. D Transwell assay is used to assess the migration and invasion ability after
culturing LN229 and U251 cells in methionine-deprived medium. The scale bar is
100 μm. E Tumor volume and weight of normal or methionine deprivation feeding
group nude mice. Error bars represent mean ± standard deviation (SD). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2 | Methionine deprivation affects the lncRNA TP53TG1/miR-96-5p/
STK17B ceRNAnetwork.ATwo intersecting genes (TP53TG1 andLINC00461) are
obtained. B Kaplan–Meier survival curves are generated in patients with high and
low TP53TG1 or LINC00461 expression in glioblastoma multiforme and low-grade
gliomas obtained from the TCGA databases. C A network diagram representing
associations was constructed. D, E The differential expression and correlation
analyses of the 68mRNAs. FThe protein levels of STK17B in normal and high-grade

glioma patient tissues.GGSEA reveals highTP53TG1 and STK17B expression levels
associated with epithelial mesenchymal transition (EMT).H qRT-PCR employed to
assess the relative expression levels of TP53TG1 and miR-96-5p after 48 h of
methionine deprivation. I The STK17B protein level after 48 h of methionine
deprivation in LN229 and U251 cells. Error bars represent mean ± SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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TP53TG1promotesgliomaproliferation andEMTprocess in vitro
and in vivo
To investigate the specific impact of TP53TG1 on glioma progression,
we altered its expression by either overexpressing or knocking down
TP53TG1 in glioma cells. The MTT assay results indicated that the
viability of glioma cells, with overexpressed or knocked down
TP53TG1, was significantly enhanced or reduced, respectively (Fig.
4A, B). The colony formation and EdU assays revealed that TP53TG1
knockdown decreased colony counts and reduced the proportion of
green fluorescence, while TP53TG1 overexpression increased them
(Fig. 4C–F, Supplementary Fig. 3A–D). Moreover, glioma cells’
migration and invasion abilities were similarly enhanced when
TP53TG1 was overexpressed but decreased when TP53TG1 was

knocked down (Fig. 4G–H, Supplementary Fig. 3E–H). To further
investigate the association between TP53TG1 and EMT, we analyzed
the protein levels of relevant EMTmarkers, including N-cadherin, E-
cadherin, and vimentin. As shown in Fig. 4I–J and Supplementary
Fig. 3I–N, TP53TG1 overexpression resulted in upregulated expres-
sion of N-cadherin and vimentin but downregulated expression of
E-cadherin. Conversely, the results were opposite whenTP53TG1was
knocked down.

To further investigate its effects in vivo, we established nude mice
xenograft models by injecting LN229 cells transfected with lentivirus LV-
shNC or LV-shTP53TG1. Tumor growth in the LV-shTP53TG1 group was
significantly inhibited compared to that in the LV-shNC group, resulting in
prolonged survival time (Fig. 5A–D). IHC analysis of intracranial tumor

Fig. 3 | Validation of the lncRNATP53TG1/miR-96-5p/STK17B ceRNAnetwork
mechanism.A,BTP53TG1 is either overexpressed or knocked down in glioma cells,
and protein level of STK17B is examined. C, D The expression level of miR-96-5p
determined following TP53TG1 overexpression or knockdown. E, F Protein level of

STK17B is assessed after addingmiR-96-5p inhibitor ormimics.G The protein level
of STK17B is assessed using western blot. H Binding sites are predicted, and wild-
type and mutant luciferase vectors constructed. Error bars represent mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 4 | TP53TG1 promotes glioma proliferation and EMT process in vitro.
A, B Cell viability of LN229 and U251 cells is assessed using the MTT assay.
C–F Glioma cell proliferation is evaluated using the colony formation and EdU
assays. The scale bar represents 100 μm. G, H Glioma cell migration and invasion

abilities are determined using the transwell assay. The scale bar represents 100 μm.
I, J The protein levels of EMT markers (N-cadherin, E-cadherin, and vimentin) in
LN229 glioma cells when TP53TG1 is either overexpressed or knocked down. Error
bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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tissues in nudemice revealed that the LV-shTP53TG1 group exhibited lower
expression levels of Ki67 and vimentin but higher expression levels of
E-cadherin than the LV-shNC group (Fig. 5E). These results suggest that
TP53TG1 facilitates the proliferation of glioma and promotes the EMT
process in vitro and in vivo.

miR-96-5p restrains glioma proliferation and inhibits the EMT
process
To assess the effect of miR-96-5p on glioma, LN229 and U251 cells
were added with miR-96-5p mimics or inhibitor. Cell viability
notably increased in the inhibitor group while significantly

Fig. 5 | TP53TG1 promotes glioma proliferation and EMT process in vivo.
A LN229 cells transfected with lentivirus LV-shNC and LV-shTP53TG1, which
carry the GFP fragment, are observed under a fluorescence microscope.B qRT-PCR
validates TP53TG1 expression level in LN229 cells after transfection with lentivirus
LV-shNC and LV-shTP53TG1. C, D Representative MRI scans, quantitative data
and survival curves are presented. Scale bar represents 2 mm. The nude mice are

divided into two groups: those injected with LN229 cells transfected with lentivirus
LV-shNC (median survival time: 25.5 days) and thosewith LV-shTP53TG1 (median
survival time: 41.5 days) (p = 0.0005; data from six animals/group). E IHC staining
results for Ki67, vimentin, and E-cadherin from mice glioma tissues. Scale bar
represents 100 μm. Error bars indicate mean ± SD. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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decreasing in the mimics group, as demonstrated by the MTT assay
(Fig. 6A, B). Moreover, colony formation and EdU assays demon-
strated that cell proliferation was increased when miR-96-5p levels
were reduced but inhibited when miR-96-5p levels were elevated

(Fig. 6C–F, Supplementary Fig. 4A–D). Furthermore, glioma cell
migration and invasion abilities were enhanced when miR-96-5p
expression was decreased, whereas the opposite results were
observed when miR-96-5p expression was increased (Fig. 6G–H,

Fig. 6 | miR-96-5p restrains glioma proliferation and inhibits the EMT process.
A, B Cell viability of glioma cells assessed using MTT assay after transfection
with miR-96-5p inhibitor or mimics. C–F The colony formation and EdU
assays used to evaluate the cell proliferation of LN229 and U251 cells
transfected with either miR-96-5p-inhibitor or miR-96-5p-mimics. The scale
bar represents 100 μm. G-H The migration and invasion abilities of LN229

and U251 cells are assessed using the transwell assay. The scale bar represents
100 μm. I, J. Western blot is used to analyze the expression levels of EMT
proteins following the addition of miR-96-5p-inhibitor or miR-96-5p-mimics
in LN229 cells. Error bars represent mean ± SD. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Supplementary Fig. 4E–H). Additionally, western blot experiments
demonstrated that the EMT process, which can be promoted using
a miR-96-5p-inhibitor and suppressed by miR-96-5p-mimics, was
evident (Fig. 6I–J, Supplementary Fig. 4I–N). These data suggest
that miR-96-5p has the potential to inhibit glioma progression.

STK17B promotes glioma proliferation and the EMT process
STK17B overexpression led to a significant increase in cell activity and
proliferative capacity, whereas its knockdown resulted in a notable
decrease (Fig. 7A–F, Supplementary Fig. 1I, Supplementary Fig. 5A–D).
Furthermore, data from the transwell assay revealed that STK17B
positively regulated glioma cells’ migratory and invasive abilities (Fig.
7G–H, Supplementary Fig. 5E–H). Based on this phenomenon, we
investigated the changes in EMT-associated proteins following the
overexpression or knockdown of STK17B. Enhanced STK17B expression
was correlated with elevated N-cadherin and vimentin and decreased
E-cadherin protein levels, thus contributing to the EMT (Fig. 7I, Sup-
plementary Fig. 5I, J, M). Conversely, reducing STK17B expression led to
opposite outcomes (Fig. 7J, Supplementary Fig. 5K, L, N). These findings
demonstrate that STK17B promotes glioma proliferation and enhan-
ces EMT.

TP53TG1 regulates glioma proliferation and EMT by sponging
miR-96-5p targeted STK17B
We overexpressed STK17B or added a miR-96-5p inhibitor after
TP53TG1 knockdown to address whether lncRNA TP53TG1, miRNA
miR-96-5p, and mRNA STK17B influence glioma progression
through the ceRNA network. Compared with the TP53TG1 siRNA
alone group, the proliferation, migration, and invasion abilities were
significantly restored in the group overexpressing STK17B or with the
addition of a miR-96-5p-inhibitor (Fig. 8A–D, Supplementary Fig.
6A–L). The protein outcomes also showed that STK17B over-
expression or the addition of a miR-96-5p inhibitor prevented the
inhibitory effect on EMT following TP53TG1 knockdown (Fig. 8E–F,
Supplementary Fig. 6M–P). These results confirm our hypothesis and
provide evidence that TP53TG1 regulates glioma proliferation and
EMT by sponging miR-96-5p and targeting STK17B.

Discussion
Gliomas exhibit resistance to conventional treatments due to their
complex tumor microenvironment and inherent heterogeneity.
Given that gliomas depend on reprogrammed and aberrant meta-
bolic patterns for survival, targeting glioma metabolic pathways has
emerged as a promising therapeutic strategy. Various inhibitors
have been developed to target glucose metabolism, glycolytic
enzymes, and mitochondrial oxidative phosphorylation (OXPHOS),
yielding encouraging results in clinical trials41,42. Moreover, tryp-
tophan metabolism related IDO inhibitors, and arginine depriva-
tion therapy also have been shown to remodel the
immunosuppressive microenvironment and effectively inhibited
glioma progression8,10,11. Methionine is closely associated with
tumor progression. Professor Hoffman proposed that most tumor
cells depend on external methionine sources43. Subsequently,
numerous studies have explored the effects of limiting the intake of
exogenous methionine by tumor cells. Gao et al. revealed the
therapeutic effects of a methionine-deprived dietary pattern on
mouse colon cancer tumor models44. Our study showed a notable
reduction in glioma cell proliferation, migration, and invasion
following methionine deprivation. Additionally, we observed that
the methionine-deprived diet efficiently restrained tumor growth in
the nude mouse xenogeneic subcutaneous implant model. These
effects are attributed to the ceRNA (TP53TG1/miR-96-5p/STK17B)
regulatory network. These findings provide strong evidence sup-
porting glioma’s high dependency on methionine (Fig. 9).

The ceRNAnetwork is a competitive endogenousRNAnetworkwhere
lncRNAs competitively bind to miRNAs, thereby alleviating miRNAs’
inhibitory effect on targetmRNA23.Multiple studies have demonstrated the
involvement of ceRNAs in regulating gliomaprogression20,25,45. In this study,
we identified lncRNA TP53TG1, which exhibited decreased expression
followingmethionine deprivation.Ourfindings indicatedhigher expression
of TP53TG1 in glioma tissues and cells, suggesting its potential role in
glioma progression. The functions of lncRNA differ depending on its sub-
cellular localization. In the nucleus, it controls the epigenetic state of specific
genes, regulates transcription, and engages in alternative splicing. In the
cytoplasm, it is crucial as a ceRNAregulating gene expression46,47. Therefore,
we predicted the subcellular localization of TP53TG1 using multiple web-
sites, confirming its presence in the cytoplasm. We performed several ver-
ification experiments to investigate the competitive endogenous regulatory
relationships among TP53TG1, miR-96-5p, and STK17B. The dual-
luciferase assay results suggesting the binding of miR-96-5p to either
TP53TG1 or STK17B. Additionally, we validated that this ceRNA network
was modulated by methionine metabolism and could affect the EMT pro-
cess of glioma.

In this study, we discovered TP53TG1 was linked to methionine
metabolism and promoted glioma progression, including cell pro-
liferation and EMT. This result aligns with previous studies identi-
fying TP53TG1 as an oncogene in nasopharyngeal carcinoma and
pancreatic ductal adenocarcinoma48,49. The potential mechanism by
which methionine deprivation inhibits TP53TG1 expression in glio-
mas may be related to findings in gastric cancer, where the mRNA
stability of TP53TG1 is positively regulated by m6A modification50.
During methionine deprivation cultures, the methionine metabolite
SAM, which serves as a methyl donor, is markedly decreased. Gen-
erally, a reduction in SAM correlates with a substantial decrease in
overall m6A modification levels51–54. Therefore, it is reasonable to
speculate that the decreased level of m6A modification of TP53TG1
following methionine deprivation in this experiment led to a
reduction in its mRNA stability and, consequently, an inhibition of
its expression. The specific mechanisms involved need to be
addressed in future research.

MiR-96-5p has been reported to demonstrate tumor suppressor
effects in various malignant tumors. For instance, Yu et al.55

demonstrated that miR-96 downregulates KRAS expression, thereby
reducing cancer cell invasion, migration, and tumor growth in pan-
creatic cancer. Similarly, Yao et al.56 discovered that upregulation of
miR-96 expression inhibits proliferation, migration, invasion, and
tumor formation in human osteosarcoma cells. Consistent with these
findings, our experimental results confirmed the tumor suppressor
effect of miR-96-5p in glioma.

STK17B, a serine/threonine protein kinase, belongs to the death-
associated protein kinase (DAPK) family57. Studies have demonstrated that
STK17B is implicated in the progression of various diseases. For instance,
STK17B exacerbates the progression of nonalcoholic fatty liver disease58.
Furthermore, STK17B is also involved in the regulation of breast cancer and
colorectal cancer59,60.However, the role andmechanismof actionof STK17B
in glioma is unclear. Our study indicated a significant upregulation of
STK17B expression in glioma and identified its positive regulation of glioma
proliferation and EMT. Furthermore, STK17B is regulated by TP53TG1
through endogenous competition.

EMT is a vital process wherein cells originating from epithelial
tissues lose polarity and transform into a mesenchymal phenotype. This
transition empowers cells with migratory and invasive capabilities,
significantly contributing to tumor advancement. EMT is governed by
multiple signaling pathways, such as TGF-β/Smad, Wnt/β-catenin,
MAPK, Notch, and PI3K/Akt/GSK-3β40,61–64. Previous studies by Chen
et al. and Lan et al. also observed the participation of TP53TG1 and
STK17B, respectively, in EMT regulation in hepatocellular
carcinoma65,66. These findings indirectly support our results regarding
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Fig. 7 | STK17B promotes glioma proliferation and EMT process. A, B LN229
and U251 cells are transfected with either oe-STK17B (overexpression plasmid)
or si-STK17B (siRNAs), and cell viability assessed using the MTT assay.
C–F The cell proliferation of LN229 and U251 transfected with either oe-
STK17B or si-STK17B evaluated using colony formation and EdU assays. The
scale bar represents 100 μm. G, H The migration and invasion abilities of

LN229 and U251 cells transfected with either oe-STK17B or si-STK17B eval-
uated using the transwell assay. The scale bar represents 100 μm. I, J The levels
of EMT protein after STK17B overexpression or knockdown were assessed.
Error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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the connection between the TP53TG1/miR-96-5p/STK17B ceRNA
network and the EMT process in glioma.

In recent years, the significant role of lncRNAs in tumor
progression has been increasingly recognized, positioning them as
potential diagnostic and therapeutic targets. TP53TG1 has been
reported to be involved in the progression of hepatocellular carci-
noma, pancreatic ductal adenocarcinoma, and nasopharyngeal
carcinoma48,49,65. In this study, we identified the oncogenic role of
TP53TG1 as a competing endogenous RNA in gliomas, suggesting
that targeting the TP53TG1-related ceRNA pathway may represent
a novel therapeutic approach for gliomas. Most tumors exhibit
methionine-dependent characteristics; for instance, methionine
deprivation in gastric cancer results in cell death67. Additionally, the
combined deprivation of cysteine and methionine can enhance
ferroptosis in gliomas68. In our experiments, we also observed that
methionine deprivation inhibited glioma progression. Given the
aforementioned therapeutic role of methionine deprivation in
tumors, we propose that a methionine deprivation diet may serve as
a potential therapeutic strategy for glioma.

In this experiment, we still had several shortcomings. We did not
directly validate the cellular localization of TP53TG1, which requires
resolution in future studies. Additionally, in the dual luciferase
experiment, the fluorescence intensity in theMUT group did not fully
rebound, suggesting the potential existence of multiple binding sites
during competitive binding. Furthermore, the specific mechanisms
underlying TP53TG1/miR-96-5p/STK17B ceRNA network’s influ-
ence on EMT warrant further exploration. Given that the methionine
deprivation diet is a long-term treatment, its long-term safety and
potential side effects require additional investigation.

In conclusion, our findings revealed that methionine deficiency
downregulated the levels of lncRNA TP53TG1, consequently
reducing the expression of STK17B by sponging miR-96-5p. As a
result, we observed inhibition of glioma cell proliferation and the
EMT in vitro and in vivo. Furthermore, we found a correlation
between high TP53TG1 expression and short survival time in
patients with glioma, indicating the potential of TP53TG1 as a novel
prognostic marker for glioma. Our study shed light on a potential
mechanism underlying glioma inhibition by methionine

Fig. 8 | TP53TG1 regulates glioma proliferation and EMT by sponging of miR-
96-5p targeted STK17B. A EdU assay used to assess cell proliferation of LN229 cells
transfected with NC, si-TP53TG1, and si-TP53TG1+ oe-STK17B. The scale bar
represents 100 μm. B The proliferation of LN229 cells transfected with NC, si-
TP53TG1, and si-TP53TG1+ miR-96-5p-inhibitor is evaluated. The scale bar
represents 100 μm. C The migration abilities of LN229 and U251 cells transfected
with NC, si-TP53TG1, and si-TP53TG1+ oe-STK17B are assessed using the

transwell assay. The scale bar represents 100 μm.DThemigration abilities of LN229
and U251 cells transfected with NC, si-TP53TG1, and si-TP53TG1+ miR-96-5p-
inhibitor are evaluated. The scale bar represents 100 μm. E EMT protein levels
analyzed after transfection with NC, si-TP53TG1, and si-TP53TG1+ oe-STK17B.
F EMT protein levels are assessed after transfection with NC, si-TP53TG1, and si-
TP53TG1+ miR-96-5p-inhibitor. Error bars represent mean ± SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

https://doi.org/10.1038/s41698-024-00763-y Article

npj Precision Oncology |           (2024) 8:270 12

www.nature.com/npjprecisiononcology


deprivation, suggesting that a methionine-deprived diet could
represent a promising therapeutic strategy for glioma treatment.

Data availability
The datasets used and analyzed during the current study are available from
Huailei Liu on reasonable request.

Code availability
Detailed code is available from the corresponding author upon request.
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