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Abstract: The metabolism of tumor cells is characterized by the regulation of demand, nutrient supply and metabolic 
enzymes, which are different in cancer tissues from those in corresponding healthy tissues. There is growing evi-
dence that dietary composition influences biological processes that contribute to tumor incidence and progression 
as much as genetic status. One possibility for specific dietary interventions in cancer patients is to limit methionine 
intake. The role of methionine metabolism in tumors suggests that interference with the methionine metabolism 
network by either drug or environmental effects may show substantial therapeutic effects, but the molecular mecha-
nism is not completely clear. In this study, methionine deprivation was found to downregulate cathepsin L (CTSL) 
and induce proliferation inhibition in glioma cells. We also demonstrated that CTSL is a tumor-related gene, and 
promotes the proliferation and invasion of glioma. Our results showed that the treatment of methionine metabolism 
and CTSL related genes in glioma cells may be a novel strategy for glioma therapy in the future. 
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Introduction

Glioma is a common primary intracranial tumor, 
accounting for approximately 40% of primary 
brain tumors [1]. Despite comprehensive treat-
ment including surgery, radiotherapy and che-
motherapy, the median survival time of patients 
with glioma is still less than 14.6 months [2, 3]. 
Currently, there is no effective treatment for 
glioma. Hence, it is urgent to uncover the 
molecular pathological mechanism of glioma, 
and to discover potential molecular therapeutic 
targets. Molecularly targeted tumor therapy is a 
trend and hot topic in current research [4-6]. 

Tumor metabolism plays an important role in 
malignant biological processes. Tumor cells 
need a high level of nutrients and energy to 
maintain their high proliferation rate [7, 8]. 
Regulation of the metabolic environment in the 
tumor cell can significantly change its metabol-
ic activities, resulting in changes in drug sensi-
tivity, proliferation rate and metabolic require-
ments [9-11]. In recent years, dietary changes 
have gained increasing attention as a practical 

way to supplement traditional cancer treatment 
[12]. Studies have found that the removal of 
serine and glycine from the diet can regulate 
the prognosis of cancer [13-16]. The availability 
of histidine and asparagine mediates response 
to methotrexate and the progression of breast 
cancer metastasis, respectively [17, 18]. How- 
ever, there are few reports about which nutri-
ents glioma is sensitive to. 

In the clinical diagnosis and treatment of glio-
ma, [11C] methionine positron emission tomog-
raphy (MET PET) has become an effective diag-
nostic tool for glioma, due to its lower uptake  
in normal brain tissue than 18F-FDG (18F-fluoro- 
deoxyglucose) [19-21]. As we know that iso-
topes have almost identical chemistry, we 
believe that glioma has a greater need for 
methionine than normal brain tissue [22]. 
However, it is still unclear whether methionine 
can promote the malignant biological behavior 
of glioma. 

Under these circumstances, we carried out a 
methionine deprivation experiment on tumor-
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bearing mice, and the results showed that 
methionine deprivation could prolong the sur-
vival time of the mice. Subsequently, proteomic 
analysis was carried out to study the molecular 
mechanism by which methionine deprivation 
inhibits glioma proliferation. Among them, 
cathepsin L (CTSL), a lysosomal cysteine prote-
ase, attracted our attention [23]. CTSL is widely 
distributed in lysosomes of mammals. Under 
normal circumstances, CTSL performs biologi-
cal functions in lysosomes [24, 25]. However, 
changes in expression levels and lysosomal 
state caused a portion of CTSL being secreted 
into the extracellular environment [26]. Tumor 
cells secrete CTSL to the extracellular space, 
resulting in tumor invasion and metastasis [27-
29]. In addition to the secretory type, there is 
also nuclear CTSL, which may be involved in 
cell replication and metastasis [30-32]. 
Upregulation of CTSL is a common phenome-
non that occurs in many tumors and is associ-
ated with a poor prognosis in patients. Urinary 
CTSL levels in patients with urothelial carcino-
ma of the bladder have been shown to predict 
metastatic spread and tumor recurrence [33]. 
The serum level of CTSL is significantly elevat-
ed in patients with lung, pancreatic and ovarian 
cancer [34-36]. However, its role in glioma has 
not been thoroughly studied, so we decided to 
explore the biological function of CTSL in 
glioma. 

In this study, we first studied the effect of 
methionine deprivation on glioma growth in 
vitro and in vivo. Then, the CTSL gene was ana-
lyzed in the database of TCGA and CGGA. By 
upregulating CTSL expression, we confirmed 
that it can partially reverse the inhibition of 
methionine deprivation on glioma growth. 
Survival curves suggested that a high expres-
sion level of CTSL predicted poor prognosis of 
patients with glioma. 

Materials and methods

Patients and samples

All glioma tissue specimens (obtained from sur-
gical resection) and nontumor brain tissue 
specimens (obtained from intracranial decom-
pression surgery in patients with traumatic 
brain injury) were collected from the Affiliated 
Hospital of Xuzhou Medical University. None of 
the patients received chemotherapy, radiation, 
or immunotherapy. All glioma specimens had a 
clear diagnosis and were classified according 

to the WHO criteria. All subjects provided writ-
ten consent (either the patient or a family mem-
ber) and were approved by the Ethics Committee 
of the Affiliated Hospital of Xuzhou Medical 
University. 

Glioma xenograft model and histopathology

BALB/c nude mice (male, 5-6 weeks old) were 
purchased from Nanjing GemPharmatch Co., 
Ltd. All experiments were approved by the 
Ethical Committee of Xuzhou Medical Univer- 
sity. To establish glioma-bearing nude mice, 1 × 
106 cells (suspended in 5 mL of serum-free 
media) were administered into the right stria-
tum of mice, as previously described [37]. For 
H&E staining, the tissue was dehydrated with 
ethanol and xylene and embedded in paraffin, 
then a commercial kit (Beyotime Biotechnolo- 
gy, China) was used for staining according to 
the manufacturer’s instructions. For IHC stain-
ing, tissue was also dehydrated, paraffin-
embedded and sectioned, followed by staining 
with the relevant antibodies. A primary antibody 
against CTSL (1:250, ab203028, Abcam) was 
used. 

Cell culture

The glioma cell lines U251 (RRID: CVCL-0021) 
and LN229 (RRID: CVCL-0393) were provided 
by Chinese Academy of Sciences. All cell lines 
passed the test of DNA profiling (STR). The cells 
were cultured in DMEM (WISENT) supplement-
ed with 10% FBS (WISENT) and 1% penicillin/
streptomycin. All cell lines were cultured in a 
cell incubator with a 5% CO2 atmosphere under 
saturated humidity at 37°C. 

ITRAQ and data analysis

iTRAQ technology was used to detect the 
expression of proteins. T tests and fold chang-
es were used to identify differentially expressed 
proteins, and a P value < 0.05 and a fold chan- 
ge > 1.2 were significant difference proteins. 
Cluster 3.0 (http://bonsai.hgc.jp/mdehoon/so- 
ftware/Cluster/) was used for bidirectional hier-
archical clustering of differentially expressed 
genes in 6 samples. Hiplot (https://hiplot.com.
cn/basic) was used to check the heatmap [38]. 

Bioinformatics analysis

Clinical data of glioma patients were obtained 
from two independent portals (TCGA and 
CGGA). A total of 349 samples from TCGA were 
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used to plot patient survival curves using 
Betastasis (http://www.betastasis.com/) for 
clinical correlation analysis. A total of 313 sam-
ples were collected from CGGA (http://www. 
cgga.org.cn/), including 85 GBM samples, to 
explore the difference in CTSL in glioma with 
different WHO grades [39]. 

Cell viability assay

U251 and LN229 cells (5000 cells/well) were 
seeded into a 96-well plate in DMEM and cul-
tured for 24 h. After incubation with different 
media (Met (+)/Met (-)) for the indicated times, 
10 μl CCK-8 solution was added to each well. 
Absorbance at 460 nm was detected by a spec-
trophotometer (BioTek, Winooski, VT, USA) after 
incubation for 45 min.

EdU assay

U251 and LN229 cells (5000 cells/well) were 
seeded into a 96-well plate in DMEM and cul-
tured for 24 h. EdU assay was carried out with 
a commercial kit (RiboBio, Guangzhou, China) 
according to the manufacturer’s instructions. 
The images were taken using an EVOSTM FL 
Auto 2 Imaging System (Thermo Fisher 
Scientific). 

Cell transfection

Lentiviruses sh-NC and sh-CTSL 1-3 and CTSL 
overexpression plasmid pLenti-CMV-GFP-Puro/
CTSL were purchased from Jiangsu Laisen 
Biotechnology (China). After transfection by the 
lentiviruses for 48 hours, the cells were cul-
tured with 2.0 μg/ml puromycin. The surviving 
cells were used in the subsequent experiments. 
For plasmid transfection, PolyJet (SignaGen) 
was used according to the manufacturer’s 
instructions. 

Western blot analysis

Total protein was extracted from cells or tis-
sues, and a BCA protein assay kit was used to 
detect protein concentration. Equal amounts of 

bodies at room temperature for 2 hours. Then, 
the signals on the membranes were detected 
using ECL Western blotting Substrate (Thermo 
Fisher) on Imaging System (Bio Rad, USA). 
Primary antibodies against the following pro-
teins were used as indicated: CTSL (1:500, 
ab203028, Abcam), CDK2 (1:2000, ab32147, 
Abcam), CDK4 (1:1000, P11802, Cell Signaling 
Technology), Cyclin D1 (1:1000, P24385, Cell 
Signaling Technology), TGF-β (1:1000, ab215- 
715, Abcam), β-actin (1:10000, No. 66009-1-
Ig, Proteintech). 

Quantitative real-time PCR (qRT-PCR)

Total RNA extraction was carried out according 
to our previous paper [40]. SYBR Green PCR 
Master Mix kit was used to amplify the target 
gene. qRT-PCR was performed on an Applied 
Biosystems 7500 (Applied Biosystems, USA). 
The primer sequences of β-actin and CTSL are 
shown in Table 1. 

Cell cycle analysis

Cell cycle analyses were performed using a 
commercial kit (Keygentec, Jiangsu, China) 
according to the manufacturer’s instructions. 
The cell suspensions were detected by flow 
cytometry and analyzed using Flow Cytometer 
(BD Biosciences, San Jose, USA). 

Clonogenic cell survival assay

Different cells were seeded into 6-well plates 
(1000 cells/well) and cultured for 14 days. 
Finally, the cells were fixed with 4% paraformal-
dehyde and stained with 0.1% crystal violet 
solution. 

Wound healing assay

A cell Culture-Insert (No. 80206, ibidi, Germany) 
was used for this assay. The cells were pre-
pared as a cell suspension at a concentration 5 
× 105 cells/ml, and 70 μl was seeded into the 
well of a Culture-Insert. After incubation for 16 

Table 1. The forward and reverse primers of genes
β-actin Forward: 5’-CATGTACGTTGCTATCCAGGC-3’

Reverse: 5’-CTCCTTAATGTCACGCACGAT-3’
CTSL Forward: 5’-CCTCGAGTTTTATATTGACCCCGATAAAATCA-3’

Reverse: 5’-ATGTCGACCTACTTCCTGCAGCAGGTG-3’

total protein were loaded to 10% SDS-
PAGE gels and then transferred to  
0.45 μm pore size PVDF membranes 
(Millipore). After blocking in 3% BSA 
solution for 2 hours, the membranes 
were incubated with primary antibodies 
at 4°C overnight and secondary anti-
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hours, the Culture-Insert was removed and 
fresh medium was added. Images of three ran-
dom areas were taken by an EVOSTM FL Auto 2 
Imaging System (Thermo Fisher Scientific) at 
the indicated times (0 hour and 48 hours). 

Transwell migration and invasion assays

To assess migration ability, 200 μl cell suspen-
sion of serum-free medium (1 × 104 cells/ml) 
was seeded into the upper chamber. The bot-
tom chamber was infused with 500 μl of DMEM 
containing 10% FBS. Cells were incubated at 
37°C for 36 hours. To assess invasion ability, 
10 μg of Matrigel (BD) was used to pre-coat the 
filters, and was all other steps were the same 
as those used in the migration assay. Three 
fields of adherent cells were randomly captured 
with an EVOSTM FL Auto 2 Imaging System 
(Thermo Fisher Scientific). 

Statistical analysis

The experiments were repeated at least three 
times independently and the results are shown 
as the means ± SEM. Statistical comparisons 
were performed using one-way analysis of vari-
ance (ANOVA) for multiple comparisons. P val-
ues < 0.05 were considered statistically signifi-
cant (*P < 0.05, **P < 0.01, ***P < 0.001). 
SPSS software (version 18.0) and GraphPad 
Prism 8 were used for statistical analyses. 

Result

Methionine deprivation can inhibit tumor 
growth in vitro and in vivo

Methionine is an essential amino acid that can-
not be synthesized by cells themselves and 
must be obtained by external ingestion. 
Therefore, we generated a mouse model of the 
original xenograft tumors using GL261 glioma 
cells, which were fed a conventional diet or a 
methionine deprivation diet. Two different feed-
ing patterns were used, including prevention 
(Pr) and treatment (Tr). Pr-Met group begin to 
receive the methionine deprivation diet 14 days 
before tumor injection, and Tr-Met group start 

the methionine deprivation at the point of 
tumor injection. Control groups were fed the 
conventional diet at all times. The results 
showed that methionine deprivation could sig-
nificantly prolong the survival time of tumor 
bearing mice (Figure 1A). The Pr-Met group 
showed significant inhibition of glioma growth 
compared with the Pr-Control group (Figure 1B, 
1C). We also cultured glioma cell lines U251 
and LN229 in vitro and then assessed the pro-
liferation with and without methionine. The 
results showed that methionine deprivation sig-
nificantly reduced the proliferation activity of 
U251 and LN229 cells in vitro, and the effect 
was time-dependent (Figure 1D-F). These 
results suggested that methionine deprivation 
can inhibit the proliferation of glioma cells in 
vitro and in vivo. Furthermore, we found that 
methionine also had a significant effect on 
apoptosis. We cultured U251 and LN229 cells 
in vitro and detected the apoptosis rate of cells 
by flow cytometry. The results showed that 
methionine deprivation significantly promoted 
the apoptosis of glioma cells (Figure 1G, 1H). 
Combined with the above results, we believe 
that methionine plays an important role in the 
proliferation of glioma cells and can significant-
ly affect glioma cells. 

Methionine deprivation downregulate the ex-
pression of CTSL in vitro and in vivo

The effect of methionine on glioma prompted 
us to further study the mechanism involved. 
Proteomic analysis of previous glioma samples 
revealed 125 differentially expressed genes 
(Figures 2A and S1), of which 18 were signifi-
cantly upregulated and 39 were significantly 
downregulated (Figure 2B). Afterward, we per-
formed GO analysis and found that most of the 
GO analysis biological processes were related 
to enzyme/extracellular matrix/cell adhesion 
(Figure S2). Next, we used TCGA clinical data to 
screen out all enzyme/extracellular matrix/cell 
adhesion genes in glioma patients and map 
their disease-free survival (DFS) time. Finally, 
the results showed that CTSL was associated 
with disease-free survival (Figure 2C). At the 

Figure 1. Methionine restriction inhibits the proliferation of glioma cells in vitro and in vivo. A. Survival of tumor-
bearing mice after different feeding programs. B. Representative H&E-stained brain sections of transplanted tu-
mors. C. Expression of Ki67 protein in glioma after mice were fed with or without methionine. Bar: 200 μm. D. U251 
and LN229 cells were cultured with different media and cell viability was assessed by a CCK-8 assay. E and F. EdU 
assay results of U251 and LN229 cells. Bar: 200 μm. G and H. Flow cytometry results of U251 and LN229 cells. ns 
= nonsignificance, *P < 0.05, **P < 0.01, ***P < 0.001. 
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same time, we found that after methionine 
deprivation, the mRNA and protein expression 
of CTSL gradually decreased over time, demon-
strating the expression of downregulation 
(Figure 2D-F). These data suggest that the 
expression of CTSL is inhibited after methio-
nine deprivation in vivo and in vitro. 

Downregulation of CTSL inhibits the growth of 
glioma in vitro and in vivo

Lentiviruses were used for transfection of glio-
ma cells (Figure S3). Western blot analysis veri-
fied the efficiency of downregulation (Figures 
3A and S4). The CCK-8 assay also confirmed 
the decrease in cell viability in U251 and LN229 
cells. We further measured the proliferation 
activity of the cells by EdU assay and the results 
showed that glioma cells activity was signifi-
cantly inhibited (Figure 3C, 3D). At the same 
time, we conducted a colony formation experi-
ment, and the results were consistent with the 
EdU experiment (Figure S5). 

In the wound healing assay, downregulation of 
CTSL significantly inhibited the migration ability 
of cells (Figure 4A, 4B), and in the Transwell 
experiment, downregulation of CTSL also sig-
nificantly weakened the invasion and migration 
ability of glioma cells (Figure 4B). These results 
suggest that downregulation of CTSL can inhib-
it the proliferation, invasion and migration of 
glioma cells in vitro. 

Furthermore, transfected LN229 glioma cells 
were injected into the brains of the mice, which 
were sacrificed 4 weeks later, and brain tissue 
was used for H&E staining to evaluate glioma 
proliferation. The results showed that glioma 
proliferation was significantly inhibited in CTSL 
downregulated groups (Figure S6). These 
results suggest that downregulation of CTSL 
inhibits the invasion and migration of glioma 
cells. 

Methionine restriction inhibits glioma prolifera-
tion by downregulating CTSL

To verify that the inhibition of glioma prolifera-
tion was due to the downregulation of CTSL 
caused by methionine deficiency, glioma cells 

with downregulation of CTSL were selected and 
cells were cultured in methionine-free medium. 
The results showed that CTSL expression was 
significantly inhibited (Figure 5A, 5B), but cell 
viability did not differ significantly between the 
groups cultured with methionine-free medium 
(Figure 5C). These results suggest that there is 
no synergistic inhibition of glioma proliferation 
between the downregulation of CTSL and 
methionine deprivation. At the same time, we 
also overexpressed CTSL in glioma cells, and 
the results showed that overexpression of CTSL 
could partially decrease the inhibition of methi-
onine deprivation on glioma cells (Figure 5F), 
and the reexpression of CTSL had a positive 
effect on cell viability (Figure 5D, 5E). In conclu-
sion, the results show that downregulation of 
CTSL dose not enhance the inhibitory effect of 
methionine deprivation on cell proliferation, 
whereas overexpression of CTSL decrease the 
inhibition of methionine deprivation, which has 
the same effect. 

Methionine deprivation/CTSL downregulation 
induces G1 arrest in glioma cells

Previous studies reported that CTSL can pro-
mote tumor cell proliferation by activating 
CCAAT-displacement protein/cut homeobox 
(CDP/Cux) transcription factors and accelerat-
ing the entry into the S phase of the cell cycle 
[30]. Therefore, we hypothesized that methio-
nine deprivation affects cell cycle progression. 
Under these conditions, the distribution of the 
cell cycle was measured by flow cytometry. 
These results showed that under methionine 
deprivation, the percentage of cells in G1 stage 
increased (Figure 6A, 6B), and CTSL overex-
pression partially reversed the arrest effect. At 
the same time, the expression of cell cycle 
related proteins was consistent with this result 
(Figure 6C, 6D). These results suggest that 
methionine deprivation/CTSL downregulation 
inhibit the G1-to-S transition of glioma cells. 

Expression and significance of CTSL in glioma 
patients

During our study, we found that methionine 
deprivation could significantly inhibit the 
expression of CTSL and proliferation, invasion 

Figure 2. Methionine restriction downregulate CTSL expression in vitro and in vivo. A. Volcano plot for differentially 
expressed genes in Pr-groups. B. Heatmap of orthotopically transplanted of glioma tissue. C. Survival analysis 
was carried out using the date of GBM patients from the database of TCGA and CGGA. D. qRT-PCR showed that 
methionine restriction significantly decreased the expression of CTSL in U251 and LN229 cells. E and F. Western 
blot analysis revealed that methionine restriction significantly downregulated CTSL protein expression in U251 and 
LN229 cells. ***P < 0.001. 
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Figure 3. Downregulation of CTSL inhibits glioma proliferation. A. CTSL 
expression after transfection by lentivirus. B. Cell viability of U251 and 
LN229 cells after transfection of lentivirus. C and D. EdU assay results 
of U251 and LN229 cells after transfection by lentivirus. Bar: 200 μm. 
***P < 0.001. 

and migration of glioma. However, 
the role of CTSL in human gliomas 
remains unclear. We analyzed the 
CTSL expression data in the CGGA 
database, and this analysis sho- 
wed that the expression of CTSL 
increased with increasing of WHO 
grade (Figure 7A). In addition, 
CTSL protein expression was 
upregulated in human gliomas 
compared with nontumor tissues 
(Figure 7B, 7C). These results sug-
gest that CTSL is upregulated in 
human gliomas. 

Discussion

Alteration of cellular metabolism 
is an emerging marker of tumor 
cell proliferation and growth [41-
43]. The rapid growth of tumors 
depends on the external nutrient 
supply, and the metabolism of 
tumor cells can be significantly 
affected by changing the content 
of substances in the environment. 
Therefore, finding metabolically 
sensitive nutrients that target 
specific tumors should be the key 
to solving the problem. Inspired by 
MET PET, we hypothesized that 
glioma is methionine-dependent. 
Methionine is an essential amino 
acid that cannot be synthesized 
by our body and must be supplied 
by food. Methionine plays impor-
tant roles in the human body. 
Many studies have shown that 
tumor growth can be significantly 
inhibited under methionine depri-
vation condition, but we still do 
not know how this works. During 
our research, we found that the 
growth of glioma was also methio-
nine-dependent, which preliminar-
ily confirmed our hypothesis. Upon 
screening for differentially expre- 
ssed genes, we found that the 
expression of CTSL was signifi-
cantly downregulated. Through 
further study and validation of 
CTSL, we found that it plays an 
important role in methionine-
deprived glioma cells. 



Methionine deprivation inhibits glioma growth

5012 Am J Cancer Res 2022;12(11):5004-5018

One of the characteristics of malignant tumors 
is their aggressiveness and metastasis. 
Through metabolic reprogramming, tumor cells 
express fewer adhesion molecules on their sur-
face and separate from each other [44, 45]. At 
the same time, proteases are secreted to dis-
solve extracellular matrix components. After 
passing through the local defect in the base-
ment membrane like amoeba, the tumor cells 
continue to dissolve interstitial connective tis-

sue and diffuse to more distant areas [46]. 
CTSL is a lysosomal protease that is involved in 
terminal degradation of intracellular and endo-
cytic proteins [26, 47]. Studies have shown that 
the expression level of CTSL is strongly corre-
lated with the invasiveness of pancreatic can-
cer [23, 48]. In colorectal cancer, the level and 
activity of CTSL have been shown to be 
increased, and the expression of urokinase 
plasminogen activator -1, its downstream tar-

Figure 4. CTSL is involved in the regulation of cell migration and invasion. A. Representative images and quantifica-
tion analysis of the wound healing assay. Bar: 100 μm. B. Representative images and quantification analysis of the 
Transwell assay. Bar: 100 μm. **P < 0.01, ***P < 0.001. 



Methionine deprivation inhibits glioma growth

5013 Am J Cancer Res 2022;12(11):5004-5018

Figure 5. Methionine and CTSL have the same effect on glioma proliferation. A and B. CTSL expression in U251 and LN229 cells after transfection. Cells were 
cultured as indicated. C. Cell viability of U251 and LN229 cells after transfection. D and E. CTSL expression in U251 and LN229 cells after transfection. Cells were 
cultured as indicated. F. Cell viability of U251 and LN229 cells after transfection. NS: Nonsignificance, ***P < 0.001. 
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get, has been shown to be increased in colorec-
tal cancer tissues, which is closely related to 

the incidence of metastasis [49, 50]. We have 
experimentally provided evidence that CTSL 

Figure 6. Methionine deprivation leads to cell cycle arrest of glioma cells. A and B. Flow cytometry was used to ana-
lyze cell cycle distribution in U251 and LN229 cells. C and D. Expression of cell-related proteins in U251 and LN229 
cells after transfection. 
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expression is upregulated in human glioma tis-
sues, which is consistent with CGGA data. At 
the same time, we verified that a CTSL knock-
out inhibited the viability and the invasion and 
migration abilities of glioma cells in vivo and in 
vitro. Combined with the above results, we 
believe that CTSL is essential for the growth of 
gliomas. 

Asanuma et al. have suggested that tumor-
secreted cytokines, including VEGF, FGF, PDGF, 
EGF, NGF, -INFγ and -IL-6, are widely involved in 
malignant progression and have also been 
shown to significantly enhance CTSL promoter 
activity and synthesis [26, 51-55]. This sug-
gests that CTSL may be regulated by inflamma-
tory responses. In the tumor microenvironment, 
the inflammatory response plays an important 
role in tumorigenesis and tumor development 
[42]. Inflammatory and immune cells, such as 
tumor-associated neutrophils (TANs) and tu- 
mor-associated macrophages (TAMs), can also 
induce tumor progression and metastasis [56, 
57]. An increased number of TANs is associat-
ed with a poorer prognosis in patients with 
hepatocellular carcinoma and renal cell carci-
noma [58], and similarly, a high number of 
TAMs in patients with pancreatic ductal adeno-
carcinoma is also associated with a poor prog-
nosis [59]. As a way of communicating with 
tumors, cytokines play a key role in transmit-
ting growth information [60]. Therefore, several 
cytokines within the tumor tissues were mea-
sured, and immune/inflammatory genes were 
screened by GO analysis and KEGG analysis. 

Preliminary findings indicated that specific 
inflammatory factors and potential target genes 
may be responsible for the upregulation of 
CTSL. We will continue to explore the function 
and relationship between inflammation and 
CTSL. 

In conclusion, the downregulation of CTSL 
inhibited the proliferation, invasion and migra-
tion of glioma cells. Mechanistically, methio-
nine deprivation inhibited the expression of 
CTSL, and overexpression of CTSL partially 
decreased the inhibition of methionine depriva-
tion in glioma cells. The high dependence of 
methionine on glioma may be one of the rea-
sons for its malignant biological behavior. This 
study provides a new idea for the treatment of 
glioma by dietary modification. 
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Figure S1. Volcano plot for differentially expressed genes in Tr-groups. 

Figure S2. Enzyme/extracellular matrix/cell adhesion related biological process units. 
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Figure S3. Bright field and GFP fluorescence images of U251 and LN229 cells at 72 hours after lentivirus transfec-
tion. Bar: 200 μm. 

Figure S4. Relative expression of the CTSL protein of Figure 3A. ***P < 0.001. 

Figure S5. Cell proliferation ability after transfection by lentivirus was examined by a colony formation assay. 

Figure S6. Representative images of H&E-stained mouse brain sections after intracranial transplantation of glioma 
cells. 


