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Abstract
Objectives  Cuproptosis, a novel form of regulatory cell death, was investigated in this study for its effects on 
cuproptosis-associated proteins during gliomas development, offering novel insights into the mechanism of copper 
ion-based antitumor drugs.

Methods  In the present study, bioinformatics and cellular experiments were employed to investigate cuproptosis-
related genes (CRGs) in glioma, with a specific focus on SLC31A1.

Results  The study findings indicated that many CRGs (SLC31A1, FDX1, DLST, LIPT1, LIPT2, DLD, NFE2L2, ATP7A, DLAT, 
GCSH, and ATP7B) were differentially expressed between glioma and non-tumor groups. These genes potentially 
influence glioma initiation and progression by modulating associated signaling pathways, including those involved 
in cell cycle regulation, inflammatory responses, and the tumor microenvironment. Survival curve analysis and Cox 
proportional hazard regression model demonstrated that individuals classified as high-risk exhibited poorer prognosis, 
suggesting that CRGs possess prognostic capabilities. The assessment of tumor mutational burden indicated that 
CRGs could serve as biomarkers for predicting the efficacy of immunotherapy in glioma. Further functional analysis 
of SLC31A1 showed that its elevation was associated with increased glioma cell malignancy, promoting proliferation 
and migration. Additionally, treatment with the mitotic inhibitor MP-HJ-1b markedly suppressed SLC31A1 expression, 
consequently inhibiting glioma cell proliferation and migration.

Conclusions  Extensive data analysis indicated that CRGs hold promise as both prognostic markers and potential 
therapeutic targets for glioma.
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Introduction
Based on the 2020 global cancer statistics, 251,329 deaths 
were attributed to primary central nervous system can-
cers, accounting for 2.5% of all cancer-related deaths 
[1]. Notably, gliomas, particularly glioblastoma (GBM) 
and diffuse low-grade gliomas, represent approximately 
80% of all malignant brain tumors in adults and pose a 
significant threat to human health [2]. At present, the 
primary treatment approach involves extensive resec-
tion, complemented by chemotherapy (with temozolo-
mide [TMZ] as the standard medication) or radiotherapy. 
Due to the intricate anatomical structure and functional 
complexity of the central nervous system, as well as the 
invasive nature of glioma cells, achieving complete resec-
tion remains challenging. Additionally, the presence of 
blood–brain barrier limitations, radiotherapy resistance, 
and chemotherapy resistance significantly hinder the 
prognosis of glioma treatment, leading to high postop-
erative recurrence and poor long-term patient survival 
[3–5]. However, complete resection remains challenging 
due to the complex anatomical architecture and func-
tional intricacy of the central nervous system, along with 
the infiltrative nature of glioma cells.

Copper ions, an essential metal with redox properties, 
act as cofactors for various enzymes that participate in 
critical biological processes, including mitochondrial 
respiration, free radical scavenging, iron uptake, tyro-
sine metabolism, and melanin synthesis [6]. Indeed, 
maintaining copper homeostasis throughout the body is 
critical for optimal cellular metabolic function, as exces-
sive copper ion accumulation can cause copper toxicity 
and subsequent cell death. Cuproptosis, a distinct form 
of regulated cell death, distinct from other cell death-
mechanisms, such as apoptosis, ferroptosis, pyroptosis, 
and necroptosis [7]. Copper homeostasis has been impli-
cated in a wide range of diseases, such as tumors, isch-
emic heart disease, Alzheimer’s disease, and renal fibrosis 
[8–10].As a cofactor for mitochondrial cytochrome c oxi-
dase (COX), copper is essential for meeting the energy 
requirements of rapidly proliferating cells. Consequently, 
serum copper ion concentrations are elevated in patients 
with various malignancies, including leukemia, lung can-
cer, thyroid cancer, gallbladder cancer, colorectal cancer, 
prostate cancer, breast cancer, and pancreatic cancer, 
reflecting the increased demand for copper [11–13].

Research has demonstrated that copper homeostasis 
is associated with tumor development and progression. 
Copper can bind to PDK1 in a manner dependent on the 
copper transporter 1 (CTR1, also known as SLC31A1), 
thereby activating AKT kinase and influencing tumor 
formation by modulating the PI3K-PDK1-AKT signal 
transduction [14]. A related study found that the malig-
nant biological behaviors of gliomas, including prolifera-
tion, growth, and colony-forming ability, were inhibited 

following siRNA-mediated RARRES2 (a type of CRGs) 
knockdown in glioma cell lines [15]. Caroline et al. down-
regulated copper homeostasis in hepatocellular carci-
noma cell lines by combining SLC31A1 knockdown and 
tetrathiomolybdate (TTM, a copper-specific chelator) 
treatment, which disrupted copper availability and inhib-
ited proliferative growth and colony formation [16].

Copper ions may augment the proliferation and migra-
tion of two distinct cancer cell lines (A549 and DU145) 
by amplifying the RTK signaling pathway [17]. The study 
findings indicate that the administration of siSLC31A1 
significantly impairs survival and reduces the migra-
tory potential of pancreatic cancer cells, likely due to 
decreased intracellular copper availability [18]. Notably, 
related studies have indicated that copper homeostasis 
is closely linked to epithelial–mesenchymal transition 
(EMT) in tumors [19].Another study demonstrated that 
treatment with the copper chelator triethylenetetramine 
induced EMT and altered migratory ability in breast can-
cer cell lines, with these effects varying among different 
breast cancer subtypes. Further research revealed that 
this phenomenon may be linked to the effects of copper 
depletion on the AKT/GSK3β/SNAIL and TGFβ/STAT3 
axes [20]. Onuma et al. suggested that copper-induced 
differentially expressed genes play a role in facilitating 
angiogenesis in both ovarian cancer and mesothelioma 
cells. Of note, increased copper concentration increased 
vascular endothelial growth factor (VEGF) mRNA levels 
within ovarian cancer cell lines [21]. It has been substan-
tiated that copper plays a pivotal role in the regulation 
of angiogenesis [22, 23]; consequently, this phenomenon 
significantly impacts the nutritional status, proliferation 
rate, and migratory behavior of tumor cells.

The regulatory mechanisms underlying copper-induced 
cell death are intricately linked to mitochondrial metabo-
lism. Specifically, surplus copper directly interacts with 
lipoacylated proteins in the mitochondrial TCA cycle, 
thereby inducing the anomalous aggregation of lipoacyl-
ated proteins and depletion of iron–sulfur cluster-con-
taining proteins within the respiratory chain complex. 
These events result in a protein-toxic stress response, 
ultimately leading to cell death. Given the research con-
text and significance of copper-induced cell death, we 
investigated specific genes associated with this phenom-
enon to elucidate their role in glioma.

Materials and methods
Ualcan
UALCAN (​h​t​t​p​​s​:​/​​/​u​a​l​​c​a​​n​.​p​​a​t​h​​.​u​a​b​​.​e​​d​u​/​i​n​d​e​x​.​h​t​m​l), an 
online platform, facilitates the extraction and exami-
nation of diverse cancer histology datasets, encom-
passing The Cancer Genome Atlas (TCGA), MET500, 
and CPTAC. The present research utilized the gene 
expression analysis features provided by UALCAN to 

https://ualcan.path.uab.edu/index.html
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investigate the contrasting expression patterns of CRGs 
in glioma as compared to normal tissues. In our study, 
the levels of CRGs were obtained through the “Expres-
sion” links, utilizing the “TCGA analysis” module in con-
junction with the glioma dataset.

GEPIA
The GEPIA database (http://gepia.cancer-pku.cn/), 
incorporating sequencing data from 9736 cancerous and 
8587 normal paracancerous tissues derived from the 
GTEx and TCGA databases, facilitates the execution of 
expression, survival, and downstream analyses. In this 
study, GEPIA was utilized to investigate the potential 
association between CRGs and the pathological stage of 
glioma and to assess the expression patterns of CRGs in 
glioma. Specifically, we conducted a pathological stage 
analysis and a multiple gene comparison analysis of 
CRGs. Additionally, the correlation between CRGs and 
disease-free survival (DFS) was analyzed. We opted for 
the “stage plots” available on the aforementioned website, 
using the overall survival (OS) dataset for the analysis of 
differential expression of CRGs across various pathologi-
cal stages.

Kaplan–meier plotter
The Kaplan-Meier Plotter (https://kmplot.com/analysis/), 
a comprehensive database incorporating correlations 
between gene expression and prognostic significance in 
3,000 samples across 21 unique cancer types, provides 
researchers the ability to perform survival analyses on 
specific genes of interest. For this study, the database was 
employed to examine the correlation between OS and 
recurrence-free survival (RFS) with CRGs in glioma. The 
Kaplan-Meier Plotter (https://kmplot.com/analysis/) is 
equipped to evaluate the impact of 54k genes (mRNA, 
miRNA, and protein) on survival across 21 cancer types, 
including GBM multiforme (n = 153) and low-grade gli-
oma (n = 513). The data sources for these databases com-
prise GEO, EGA, and TCGA. For this study, the glioma 
database on the aforementioned website was selected, 
the candidate genes were input, and OS (RFS) was cho-
sen to execute survival analysis. A p-value less than 0.05 
was considered statistically significant. The relation-
ship between CRGs and survival in glioma patients was 
assessed using Kaplan-Meier curves and tested using the 
log-rank test. Risk ratios (HR) for CRGs expression in gli-
omas determined using univariate and multivariate Cox 
regression, Lasso regression was used for variable opti-
mization to avoid overfitting.

cBioPortal
The cBioPortal website (https://www.cbioportal.org/) 
functions as a comprehensive platform for collating data 
obtained from 126 tumor genomic studies conducted 

within the TCGA and ICGC large-scale oncology 
research initiatives, which include 28,000 unique speci-
mens. This valuable resource facilitates the visual scru-
tiny of multifaceted cancer genomic data, particularly 
enabling the investigation of mutations within CRGs 
among patients in glioma patients. On this website, we 
chose the glioma dataset to study the genetic alterations 
of the CRGs.

GeneMANIA
GeneMANIA (http://genemania.org/) is a ​c​o​m​p​r​e​h​e​n​s​i​v​
e database that is used to generate hypotheses regarding 
gene function as well as analyze gene lists and prioriti-
zation based on their functional attributes. In this study, 
GeneMANIA was employed to investigate the interac-
tion of neighboring genes with CRGs.

Bioinformatics
Bioinformatics functions (​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​i​n​​f​o​r​​m​a​t​i​​c​s​​.​c​o​
m​.​c​n​/) as a potent online platform for conducting ​b​i​o​i​n​
f​o​r​m​a​t​i​c analyses, enabling the effective processing and 
visualization of various research data. The DAVID bio-
informatic resources (https://david.ncifcrf.gov), ​c​o​m​p​r​i​s​
i​n​g an integrated biological knowledgebase and analytic 
tools, allow for the systematic extraction of biological 
significance from extensive gene/protein lists. In the con-
text of this study, this tool was employed to proficiently 
inspect and visualize the Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
linked with CRGs. The functional enrichment analyses 
were executed using the R package ClusterProfiler (ver-
sion: 3.18.0).

Timer
Utilizing TCGA database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​a​n​c​​e​r​.​​g​o​v​/​​a​b​​o​u​
t​​-​n​c​​i​/​o​r​​g​a​​n​i​z​a​t​i​o​n​/​c​c​g​/ ​r​e​s​e​a​r​c​h​/​s​t​r​u​c​t​u​r​a​l​-​g​e​n​o​m​i​c​s​/​t​c​
g​a​)​, we examined the correlation between CRGs and gli-
oma, and determined the relationship between CRGs and 
immune cell infiltration. The Timer online analysis tool 
(http://timer.cistrome.org/) uses RNA-seq ​e​x​p​r​e​s​s​i​o​n 
profiling data to detect immune cell infiltration in various 
tumor tissues and assess its impact on clinical prognosis. 
This database was employed to investigate the correlation 
between CRGs and immune cell infiltration, as well as 
their respective influences on prognosis.

LN229 cell culture
The LN229 cell line was obtained from the American 
Type Culture Collection (ATCC), and the cell line qual-
ity met the essential criteria for the cellular experiments 
cultured in this study. LN229 cells were nurtured in high-
glucose Dulbecco’s Modified Eagle Medium (DMEM, 
Thermo Fisher Scientific Inc., MA, USA) supplemented 
with 10% fetal bovine serum (FBS, Thermo Fisher 

http://gepia.cancer-pku.cn/
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Scientific Inc.) and 1% penicillin-streptomycin. The cells 
were incubated at 37 ℃ in an humidified atmosphere 
containing 5% CO2.

Establishment of stable cell lines
The LN229 cells were treated using two methods, RNA 
interference-mediated knockdown and overexpression, 
targeting the gene SLC31A1 (NM_001859). The interfer-
ence RNA sequence for SLC31A1 was designed by Shan-
dong Weizhen Biotechnology Co., Ltd. Three interference 
sequences were designed based on the cDNA sequence 
provided by GenBank. Following preliminary experi-
ments, the sequence with the highest interference effi-
ciency was selected: sh-SLC31A1: ​G​C​A​A​C​A​G​A​T​G​C​T​G​
A​G​C​T​T​T​C​C​T​T​C​A​A​G​A​G​A​G​G​A​A​A​G​C​T​C​A​G​C​A​T​C​T​
G​T​T​G​C​T​T​T​T​T​T. The negative control sequence is: ​T​T​
C​T​C​C​G​A​A​C​G​T​G​T​C​A​C​G​T​T​T​C​A​A​G​A​G​A​A​C​G​T​G​A​C​
A​C​G​T​T​C​G​G​A​G​A​A​T​T​T​T​T​T. Total RNA was extracted 
from LN229 cells, and the target sequence containing 
BamHI and EcoRI (Takara Biotechnology Co., Ltd., Bei-
jing, China) restriction sites was obtained through PCR 
and double enzyme digestion. The shRNA-SLC31A1 
sequence (shRNA-SLC31A1 group) and its negative con-
trol sequence (shRNA-Con group), the target sequence 
containing BamHI and EcoRI restriction sites (Over-
expression-SLC31A1 group) and its negative control 
sequence (Vector group) were ligated to the plasmid vec-
tor to construct recombinant plasmids. These recombi-
nant plasmids were transfected into HEK293T cells, and 
the supernatant was collected for infecting LN229 cells 
(cell density was 40%) after stable transfection. Stable cell 
lines expressing shRNA-SLC31A1, shRNA-Con, Over-
expression-SLC31A1, and Vector were obtained and pas-
saged 3–4 times before being stored in liquid nitrogen.

RNA extraction and quantitative Real-Time polymerase 
chain reaction (qRT-PCR)
The Trizol method was selected for the extraction of total 
cellular RNA. Following cell washing and digestion, the 
cells were centrifuged at 1000 rpm for 5 min at room tem-
perature. The supernatant was then discarded, and the 
cells were collected and subsequently treated with Trizol 
reagent (Qiagen, Hilden, Germany) for cell lysis. Post-
extraction, the purity and concentration of RNA were 
assessed, and the RNA was stored at -80℃ for future use. 
For qRT-PCR of RNA, the reverse transcription and qRT-
PCR systems was established using the PrimeScript™ RT 
(Takara Biotechnology Co., Ltd.) premix and SYBR Pre-
mix Ex Taq™ II (Takara Biotechnology Co., Ltd.) reagent 
kit. The reference gene utilized was GAPDH, and the cal-
culation method employed was 2^®−ΔΔCt. qRT-PCR was 
conducted to validate the expression levels of SLC31A1 
in different cell groups. The primer sequences for real-
time fluorescent quantitative PCR were as follows:

SLC31A1
Forward: 5’-​A​T​G​G​A​A​C​C​A​T​C​C​T​T​A​T​G​G​A​G​A​C​A-3’.

Reverse: 5’-​G​G​A​A​G​T​A​G​C​T​T​A​T​G​A​C​C​A​C​C​T​G​G-3’.

GAPDH
Forward: 5’-​T​G​A​C​T​T​C​A​A​C​A​G​C​G​A​C​A​C​C​C​A-3’.

Reverse: 5’-​C​A​C​C​C​T​G​T​T​G​C​T​G​T​A​G​C​C​A​A​A-3’.
The experiment was replicated three times, and the 

average of the experimental outcomes was considered the 
final result.

Western blot analysis
Proteins were extracted by using the RIPA buffer (Beijing 
Solarbio Science&Technology Co.,Ltd.,Beijing, China) 
from the cells in each group for processing. A 10% sepa-
rating gel and a 5% stacking gel were prepared. 5  µg of 
sample and 2 µL of marker were added. Electrophore-
sis was performed under the following conditions: 10 V 
for 10 min, 80 V for 30 min, and 120 V for 90 min. The 
proteins were transferred from the gel to a PVDF mem-
brane. Post-transfer, the membrane was blocked with 
5% skim milk powder shaken at room temperature for 
1 h. The membrane was washed three times with TBST 
buffer by shaking. Subsequently, the membranes were 
incubated with primary antibodies, including SLC31A1 
(1:1000, Proteintech Group, Inc, Wuhan, China, 
RGAM004), and β-actin (1:1000, Proteintech Group, 
Inc, 20536-1-AP) at 4  °C overnight. The following day, 
the membrane was washed three times with TBST buf-
fer by shaking. The membrane was then incubated with 
the secondary antibody (1:5000, Proteintech Group, Inc, 
SLC31A1:SA00001-2, β-Actin: SA00001-1) at room tem-
perature for 1 h. After three washes with TBST buffer, the 
developing solution was added, and protein bands were 
visualized using enhanced chemiluminescence (ECL, 
Shanghai Epizyme Biomedical Technology Co., Ltd, 
Shanghai, China) substrate under dark conditions, image 
acquisition was performed by (Shanghai Tanon Life Sci-
ence Co.,Ltd., Shanghai, China) and photography analysis 
by ImagJ ( Java 1.5.0_09). The experiment was repeated 
three times, and the average of the experimental results 
was calculated as the final result.

CCK-8 proliferation assay
The number of cells in each group to be processed was 
counted. In a 96-well plate, 1.5 × 103 cells were inoculated 
per well. If the volume was less than 100 µL, supplemen-
tation with complete culture medium was performed. 
The cells were cultivated in a humidified CO2 incubator 
at 37 °C. Cell proliferation was detected on the 1st, 2nd, 
3rd, 4th, and 5th day after cell inoculation. Following the 
instructions of the CCK-8 kit (Biosharp, BS350A, Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China), 
10 µL of CCK-8 reagent was added to each well and 



Page 5 of 22Wang et al. BMC Cancer          (2025) 25:859 

incubated at 37  °C for 2 h. After the incubation period, 
the absorbance of each well was measured using an 
automatic enzyme-linked immunosorbent assay reader 
(Thermo Fisher Scientific, USA), with a wavelength set at 
450  nm. The experiment was repeated 3 times, and the 
average of the experimental results was taken as the final 
result.

Transwell experiment
The cells in each group to be processed should be 
counted first. Subsequently, inoculate 4 × 104 cells into 
small chambers contain with 0.33  mg/ml of Matrigel 
(Corning, Inc., MA, USA), with each chamber receiv-
ing 300  µl of serum-free medium. Place the chambers 
in a 24-well plate with 1% penicillin-streptomycin and 
10% FBS complete medium, adding 500  µl of complete 
medium to each well. The plates were incubated in a 
humidified CO2 incubator at 37  °C with a 5% CO2 con-
centration for 24 h. Following this, fix and stain the cells 
with 4% paraformaldehyde and 0.5% crystal violet, then 
capture images under a microscope and analyze them 
using ImageJ software. Repeat the experiment thrice and 
calculate the average of the results obtained as the final 
outcome.

Cell scratch assay
The cell count in each experimental group was deter-
mined. A total of 4 × 105 cells were inoculated per well 
in a 6-well plate. The cells were cultured in a humidified 
CO2 incubator at 37 °C with a CO2 concentration of 5%. 
Once the cells adhered to the bottom of the culture dish, 
a sterile 10 µl pipette tip was used to create a horizontal 
scratch across the bottom of the dish. The dish was then 
washed three times with PBS, and DMEM basic culture 
medium was added for further cultivation. Microscope 
images were captured at 0 and 24  h post-scratch. The 
healing rate of the scratch in different groups was calcu-
lated by comparing the scratch area in the images before 
and after. The experiment was repeated three times and 
the average of the results was taken as the final outcome.

Experiment on cloning formation
The cell count for each group should be determined prior 
to processing, with 300 cells to be inoculated per well 
in a 6-well plate, or 500 cells per well in the MP-HJ-1b 
experiment. The cells should be cultured for an appro-
priate number of days in a humidified CO2 incubator at 
37 °C with a CO2 concentration of 5%. Subsequently, the 
cells should be washed with 1×PBS at room temperature, 
fixed with 4% paraformaldehyde for 30  min, and then 
washed again with 1×PBS. Following this, the cells should 
be stained with 0.5% crystal violet under dark conditions 
for 30  min, washed with 1×PBS, and air-dried. Photo-
graphs should be taken, and the number of formed clone 

colonies should be counted using ImageJ software. The 
experiment should be repeated 3 times, and the average 
of the experimental results should be considered as the 
final outcome.

Immunofluorescence assay
The cells in each group were enumerated and subse-
quently seeded into 24-well plates at a density of 2 × 104 
cells per well. The cells were cultured in a complete 
medium supplemented with 1% penicillin-streptomycin 
and 10% FBS, cultured in a humidified atmosphere with 
37 °C and 5% CO2. Following a PBS wash, the cells were 
fixed with 4% paraformaldehyde for 30  min, underwent 
multiple PBS washes, and were then blocked with 5% 
BSA at room temperature for 1 h. The primary antibody 
(1:300, Proteintech Group, Inc, 67221-1-Ig) was applied, 
and the cells were incubated overnight at 4°C. The sub-
sequent day, after a 1-hour incubation at room tempera-
ture, the cells were thoroughly washed with PBS. The 
secondary antibody (1:1000, Proteintech Group, Inc, 
RGAM004) was added and incubated for 1  h in dark-
ness, followed by additional PBS washes. The cells were 
sealed with a fluorescence quenching mounting medium 
containing DAPI (Beyotime biotech co. Ltd, P0131) and 
imaged under a microscope. The fluorescence intensity 
of individual cells was quantified using ImageJ software. 
The experiment was replicated three times, and the mean 
of the experimental outcomes was considered the final 
result.

Experiment on the treatment of MP-HJ-1b drug
MP-HJ-1b is a novel microtubule inhibitor that we 
designed and reported previously [24]. Con and over-
expression cells were divided into drug treatment group 
and blank control group for the following experiments: 
cell scratch assay(a total of 4 × 105 cells were inoculated 
per well, the cells were treated with the drug for 24  h 
after cell adhesion. ), colony formation assay (a total of 
500 cells were inoculated per well, the cells were treated 
with the drug for 8 days after cell adhesion.), transwell 
assay (a total of 4 × 104 cells into small chambers contain-
ing, medication treatment for 24  h ), Western blot, and 
immunofluorescence experiments (a total of 2 × 104 cells 
were inoculated per well, the cells were treated with the 
drug for 24 h after cell adhesion.), All experiments were 
conducted using high-glucose DMEM, 1% penicillin-
streptomycin, and 10% FBS, MP-HJ-1b was added at an 
additional 25 nM in the drug treatment group, follow 
the experimental steps mentioned in the text aboveThe 
experimental group was supplemented with an addi-
tional 25 nM MP-HJ-1b, and the rest of the experimen-
tal steps were kept strictly the same as the control group, 
as described in the methodological description earlier in 
this chapter. The experiments were repeated three times, 
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and the average of the results was calculated as the final 
experimental outcome.

Statistical analysis
All statistical analyses were performed with GraphPad 
Prism software version 8.02 (RRID: SCR_002798, www.
graphpad.com/company/, USA). The mean values of the 
quantitative data were reported along with the standard 
error of the mean. Student’s t-test was employed for com-
paring intergroup comparisons, whereas one-way analy-
sis of variance with Tukey’s multiple comparisons was 
used for comparisons involving more than two groups. 
Statistical significance was determined at P-value < 0.05.

Results
Characteristics of cuproptosis-related genes in TCGA-
glioma
The disruption of copper homeostasis in different can-
cers leads to an imbalance in copper regulation, signifi-
cantly contributing to multiple biological mechanisms 
involved in tumor progression. Of note, copper exerts 
its pathological influence on cancer by regulating sig-
nal transduction pathways via copper-dependent kinase 
modulation [25]. To investigate the role of cuproptosis 
in glioma, the TCGA database was used to examine and 
analyze the expression of 19 CRGs in glioma (n = 666) 
and normal tissues (n = 2642). The findings revealed a sig-
nificant upregulation (P < 0.001) in the expression level of 
NFE2L2, NLRP3, ATP7A, SLC31A1, FDX1, LIAS, LIPT1, 
LIPT2, DLD, DLAT, PDHA1, MTF1, CDKN2A, DBT, 
and DLST in glioma. By contrast, ATP7B, PDHB, GLS, 
and GCSH expression levels were significantly down-
regulated (P < 0.001) in patients with glioma (Fig.  1A). 
Cancer usually involves gene mutations; therefore, 
CRGs mutations in patients with glioma were evaluated 
through the TCGA database. The results showed that 
CDKN2A, DLD, ATP7A, ATP7B, PDHA1, NLRP3, and 
PDHB had high mutation rates of 20%, 3%, 2.4%, 1.8%, 
1.8%, 1.3%, and 1%, respectively (Fig. 1B). It is worth not-
ing that CDKN2A, also called P16, is the main negative 
regulator of the P16/cyclin D1/p-RB tumor pathway. P16 
protein inhibits the formation of a complex that exhibits 
kinase activity between cyclin D and CDK4 and blocks 
the phosphorylation of the Rb protein by the cyclin D–
CDK4 complex, thereby stopping the cell cycle [26]. The 
mutation rate of CDKN2A in patients with glioma was 
as high as 20%, highlighting the significance of moni-
toring unregulated cell proliferation resulting from dys-
regulated cell cycle in glioma. ATP7A and ATP7B were 
identified as most frequently associated with copper-
induced cell death, with a mutation frequency as high as 
33%. Research has demonstrated that specific mutations 
in ATP7A, such as ATP7AT994I and ATP7AP1386S, 
can lead to distal motor neuropathy [27]. Mutations 

in NLRP3 have been identified to be associated with 
cryopyrin-associated periodic syndrome, resulting in 
increased IL-1β secretion. In chromophobe renal cell 
carcinomas, two mutations in PDHB have been discov-
ered: p.Phe222fs*35 and p.Arg105Leu. By contrast, the 
mutation rates of DBT, DLST, NFE2L2, SLC31A1, FDX1, 
DLAT, MTF1, GLS, LIAS, and LIPT2 were < 1% and 
those of LIPT1 and GCSH were 0%. Significant deletions 
and amplifications predominantly characterized these 
mutations.

Prognosis of cuproptosis-related genes in TCGA-glioma
The impact of CRGs on the prognosis of patients with 
glioma was comprehensively evaluated using the TCGA 
database. A survival curve analysis was performed by 
categorizing the patients into high-expression and low-
expression groups based on CRGs expression levels. 
The findings revealed a significant decrease in the OS 
of patients with glioma exhibiting high NFE2L2, LIPT2, 
LIPT1, FDX1, DLST, DLD, ATP7A, and DLAT expres-
sion compared with those in the low-expression group. 
Patients exhibiting low PDHA1, GCSH, CDKN2A, and 
ATP7B expression were associated with poor prognosis 
(Fig.  2A). Furthermore, the analysis of the risk ratio of 
patients with glioma based on OS revealed that NFE2L2, 
ATP7A, SLC31A1, FDX1, LIPT1, LIPT2, DLD, DLAT, 
and DLST exhibited hazard ratios (HR) > 1 (P < 0.05). 
Of note, the expression levels of SLC31A1 and FDX1 
were significantly increased, exceeding 200%. PDHA1, 
GCSH, CDKN2A, and ATP7B hazard ratios were all 
< 1 (P < 0.05). In particular, ATP7B and GCSH expres-
sions were significantly associated, and lower expres-
sion levels were correlated with a higher risk of disease 
progression and death by > 50%. Based on the findings 
from Fig.  2B, these genes may serve as the risk factors 
of OS in patients with glioma. Higher NFE2L2, ATP7A, 
SLC31A1, FDX1, LIPT1, LIPT2, DLD, DLAT, and DLST 
expressions indicated poorer OS. To assess the impact of 
CRGs on the prognosis of patients with glioma, the cor-
relation between alterations in the expression of these 
genes and both progression-free survival (PFS) and dis-
ease-specific survival (DSS) was assessed. PFS denotes 
the duration of survival without further deterioration 
after treatment, whereas DSS represents the proportion 
of individuals within a research or treatment group who 
do not succumb to a specific disease within a specified 
timeframe. According to the PFS curve, patients with 
high NLRP3, NFE2L2, LIPT2, LIPT1, FDX1, DLST, DLD, 
DLAT, ATP7A, and SLC31A1 expressions exhibited a 
significantly shorter PFS following antitumor therapy. By 
contrast, patients with low PDHA1, GCSH, CDKN2A, 
and ATP7B expressions demonstrated poorer progno-
sis after antitumor treatment compared with patients 
with high expression of these genes (Fig.  3A). These 
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Fig. 1  Relative expression levels and genetic alterations of CRGs in glioma. (A) Expression patterns of CRGs in patients with glioma and healthy individu-
als. (B) Genetic alterations in CRGs with cBioPortal
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Fig. 2  OS with respect to CRGs expression in patients with glioma (Kaplan–Meier Plotter). (A) OS curves of NFE2L2, LIPT2, LIPT1, FDX1, DLST, DLD, ATP7A, 
DLAT, PDHA1, GCSH, CDKN2A, and ATP7B. (B) HR of CRGs regarding OS of patients with glioma
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Fig. 3  PFS with respect to CRGs expression in patients with glioma (Kaplan–Meier Plotter). (A) PFS curves of NLRP3, NFE2L2, LIPT2, LIPT1, FDX1, DLST, DLD, 
DLAT, ATP7A, SLC31A1, PDHA1, GCSH, CDKN2A, and ATP7B. (B) HR of CRGs regarding PFS of patients with glioma
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findings enabled the assessment of the risk ratio associ-
ated with PFS in this population. The results indicated 
that NFE2L2, NLRP3, ATP7A, SLC31A1, FDX1, LIPT1, 
LIPT2, DLD, DLAT, DLST, ATP7B, and GCSH were 
the risk factors of glioma progression (Fig. 3B). Of note, 
SLC31A1 and FDX1 upregulation was associated with 
a > 140% increase in the risk of disease progression and 
mortality. By contrast, ATP7B and GCSH downregula-
tion led to a > 40% increase in disease progression and 
mortality risk.

The examination of alterations in CRGs expression 
and DSS indicated that patients with increased NLRP 
3, NFE2L2, LIPT2, Lipt1, FDX1, DLST, DLD, DLAT, 
ATP7A, and SLC31A1 expressions had unfavorable prog-
nosis. Moreover, patients with reduced PDHA1, GCSH, 
CDKN2A, and ATP7B expressions were linked to poorer 
prognosis. Based on the HR analysis of DSS, NFE2L2, 
NLRP3, ATP7A, SLC31A1, FDX1, LIPT1, LIPT2, DLD, 
DLAT, DLST, ATP7B, and GCSH were the risk factors of 
DSS in patients with glioma (Fig. 4A). The expression of 
SLC31A1 and FDX1 was significantly increased, result-
ing in a > 200% increase in the risk of disease progression 
and death (Fig.  4B). However, the decreased expression 
of ATP7B and GCSH was associated with a risk increase 
of > 50% in terms of disease progression and death. Fur-
thermore, the hazard risk analysis of OS, PFS, and DSS 
revealed that the high SLC31A1, FDX1, DLST, LIPT1, 
LIPT2, DLD, NFE2L2, ATP7A, and DLAT expressions 
were the statistically significant risk factors of OS, PFS, 
DFS, and DSS (P < 0.05). However, it is noteworthy that 
low GCSH and ATP7B expressions exhibited statistically 
significant protective effects on OS, PFS, DFS, and DSS 
(P < 0.05). These findings provide a solid basis for devel-
oping a future risk assessment model. In summary, the 11 
genes, particularly the elevated expression of SLC31A1 
and FDX1 that significantly increased the risk of disease 
progression and mortality by > 200%, were associated 
with the prognosis of patients with glioma.

Prognostic model of 11 cuproptosis-related genes in TCGA-
glioma
The expression levels of SLC31A1, FDX1, DLST, LIPT1, 
LIPT2, DLD, NFE2L2, ATP7A, DLAT, GCSH, and 
ATP7B were found to be significantly correlated with OS, 
DFS, and DSS in glioma. These 11 genes were incorpo-
rated into a multivariate Cox proportional hazard regres-
sion model, utilizing data from 666 glioma patients. The 
parameter λ was ascertained through cross-validation, 
with a lambda.min of 0.0093 applied in this research. To 
avoid overfitting, the variable optimization model was 
refined using Lasso regression, excluding ATP7A (Fig. 5A 
and B). A risk score was calculated for each patient using 
the root model, which includes a RiskScore formula 
incorporating multiple genes with allocated weights 

(negative values represent protective genes, while posi-
tive values represent risk genes). Patients were classi-
fied into high-risk and low-risk categories based on the 
median risk score. Scatter plots were created to display 
the distribution of risk values and survival time, and a 
heatmap was designed to show the expression of signa-
ture genes. The scatter plot with survival time indicated 
that the low-risk group on the left had a marginally lon-
ger survival time than the high-risk group on the right, 
with a higher number of deaths observed in the latter. 
This strongly suggests a poor prognosis for the high-risk 
group, highlighting the potential prognostic capability of 
the 10 genes included in the study. The heatmap display-
ing the expression of signature genes showed a signifi-
cant increase in SLC31A1 and FDX1 expressions in the 
high-risk group. In contrast, the high-risk group dem-
onstrated a significant decrease in expression level com-
pared to the low-risk group. This suggests that SLC31A1, 
FDX1, GCSH, and ATP7B may have superior prognostic 
potential (Fig.  5C). A Kaplan–Meier survival curve was 
utilized to evaluate the difference in prognosis between 
the high- and low-risk groups. The results revealed a sig-
nificant difference in OS between the two groups, with 
the high-risk group demonstrating significantly lower 
OS (log-rank P < 0.05) and a hazard risk > 1 compared to 
the low-risk group. This validates the influence of the 10 
genes on prognosis and their potential prognostic capac-
ity (Fig.  5D). To evaluate the predictive performance of 
the model, receiver operating characteristic curves were 
created, and OS at 1, 3, and 5 years was analyzed. The 
results showed that all three models had an area under 
the curve (AUC) of > 0.8, with the AUC for 1-year OS 
being the highest. This suggests that the model is highly 
sensitive in predicting glioma prognosis (Fig. 5E).

Relationship between tumor mutational burden (TMB) and 
cuproptosis-related genes in glioma
TMB is a quantitative measure of the total number of 
mutations present in cancer. A higher TMB corresponds 
to an increased abundance of tumor antigens on the sur-
face of cells. These novel antigens, which possess immu-
nogenic properties, are presented to T cells via the major 
histocompatibility complex protein, thereby triggering 
an immune response against tumor cells. Thus, TMB 
holds significant potential as a biomarker for prognosti-
cating the efficacy of tumor immunotherapy. In general, 
increased TMB levels are associated with heightened 
sensitivity to immunotherapeutic interventions [28]. 
To elucidate the influence of CRGs on TMB levels, the 
relationship between CRGs and TMB was investigated. 
The results demonstrated a positive correlation between 
the expression levels of DLAT, DLD, LIPT2, LIPT1, 
SLC31A1, FDX1, DLST, ATP7A, and NFE2L2 and TMB 
in glioma (Fig. S1). Conversely, the expression levels 
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Fig. 4  DSS with respect to CRGs expression in patients with glioma (Kaplan–Meier Plotter). (A) DSS curves of NLRP3, NFE2L2, LIPT2, LIPT1, FDX1, DLST, 
DLD, DLAT, ATP7A, SLC31A1, PDHA1, GCSH, CDKN2A, and ATP7B. (B) HR of CRGs regarding DSS of patients with glioma
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of ATP7B and GCSH were negatively correlated with 
TMB in glioma. NLRP3 was employed as a control, and 
the results suggested that the aforementioned CRGs 
(DLAT, DLD, LIPT2, LIPT1, SLC31A1, FDX1, DLST, 
ATP7A, NFE2L2, ATP7B, and GCSH) have the potential 
to function as noninvasive screening markers for glioma 

assessment via pathological biopsy prior to TMB estima-
tion. Furthermore, these genes may provide additional 
reference value for evaluating the sensitivity of glioma to 
immunotherapy.

Fig. 5  Advanced Prognosis Model Analysis of 11 CRGs in Patients with Glioma (A-B) Coefficients of selected features are shown using the lambda param-
eter. The abscissa represents the lambda value and the ordinate represents the coefficients of the independent variable.(C) RiskScore, survival time, and 
survival status of the selected dataset. The top scatter plot represents the RiskScore from low to high, with different colors indicating different groups. The 
scatter plot distribution illustrates the RiskScore of different samples corresponding to the survival time and survival status. The bottom heatmap shows 
the gene expression of the signature.(D) Kaplan–Meier survival analysis of the risk model from the dataset. The different groups were compared using 
the log-rank test. HR (High exp) represents the hazard ratio of the low-expression samples relative to the high-expression samples. HR > 1 indicates that 
the gene is a risk factor, and HR < 1 indicates that the gene is a protective factor. HR (95% CI) and the median survival time (LT50) for different groups are 
shown in years. (E) ROC curve and AUC of the genes. Higher AUC values indicate higher predictive power
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Role of cuproptosis-related genes in glioma TME 
regulation
TME is complex and changeable with regard to its inter-
action with tumor cells. In TME, several immune cells 
are integral components, such as T cells, B cells, macro-
phages. Tumor-associated macrophages (TAMs) undergo 
a series of metabolic reprogramming processes, includ-
ing glucose metabolism and glutamine and fatty acid 
metabolism, among others. The metabolic reprogram-
ming of TAMs provides nutritional support for tumor 
cells, and maintaining an immunosuppression phenotype 
promotes tumor progression [29, 30]. To comprehend 
the interplay among copper-induced cell death, inflam-
matory response, and glioma, two immunoassays (MCP 
counter) were performed to examine the association 
between CRGs and immune cell infiltration in patients 
with glioma. The results revealed that ATP7A exhibited 
the most robust positive correlation with B cell immune 
infiltration. However, GCSH was significantly negatively 
correlated with B cell immune infiltration. The immune 
infiltration of macrophages was positively correlated with 
NFE2L2, FDX1, and ATP7A and negatively correlated 
with GCSH and ATP7B. In the case of myeloid dendritic 
cell infiltration, a strong positive correlation was detected 
with NFE2L2 and FDX1, with the highest negative cor-
relation with ATP7B. In the context of neutrophil infiltra-
tion, NFE2L2, FDX1, and ATP7A were highly positively 
correlated, whereas GCSH and ATP7B were strongly 
negatively correlated. Regarding CD4 + T cell infiltration, 
DLAT and ATP7B exhibited a slightly stronger nega-
tive correlation. In the case of CD8 + T cell infiltration, 
SLC31A1 exhibited the most pronounced positive cor-
relation. At the same time, GCSH and ATP7B demon-
strated a strong negative correlation (Fig. S4A). A positive 
correlation was observed between SLC31A1, NFE2L2, 
FDX1, and ATP7A and M1/M2 macrophage infiltration, 
with a negative correlation with monocyte infiltration 
(Fig. S4B). GCSH and ATP7B were negatively correlated 
with M1/M2 macrophage infiltration but positively cor-
related with monocyte infiltration. Thus, these six genes 
potentially exert an influence on the process of mono-
cyte transformation and migration from blood to tissues, 
particularly toward macrophages, via certain signaling 
pathways. Moreover, they may modulate inflammatory 
responses, thereby contributing to glioma initiation and 
progression by influencing the equilibrium between M1 
and M2 macrophages.

The top 10 identified genes (COL4A1, TOP2A, LYZ, 
COL3A1, MYBL2, CD163, CHI3L1, TIMP1, POSTN, 
and LTF) and CRGs (DLAT, DLD, LIPT2, LIPT1, 
SLC31A1, FDX1, DLST, ATP7A, NFE2L2, ATP7B, and 
GCSH) were next analyzed. The results revealed a nega-
tive correlation between ATP7B and GCSH and the top 
10 significantly upregulated genes. In particular, ATP7B 

exhibited a negative correlation with TIMP1, LTF, and 
CHI3L1, whereas GCSH was negatively correlated 
with TIMP1, CHI3L1, and CD163. DLAT, DLD, LIPT2, 
LIPT1, SLC31A1, FDX1, DLST, ATP7A, and NFE2L2 
were significantly positively correlated with the top 10 
upregulated genes. Of note, SLC31A1 and FDX1 demon-
strated significant positive correlations with TOP2A and 
COL4A1 (Fig. S4C).

Cuproptosis-related gene, the role of SLC31A1 in glioma 
patients
To investigate the biological role of SLC31A1 in gli-
oma, we analyzed the glioma tissues with high and low 
SLC31A1 expression (TCGA database). In glioma, 515 
genes were upregulated and 106 genes were downregu-
lated (FC > 2, P < 0.05). The first 100 genes were selected 
based on the above differentially expressed genes for fur-
ther analysis, Epithelial membrane protein 3 (EMP3) is 
a transmembrane protein that is widely distributed and 
highly expressed in proliferative cells such as granulo-
cytes, monocytes, lymphocytes, melanocytes, kerati-
nocytes, and fibroblasts, while being expressed at low 
levels in the brain [31, 32]. However, in wild-type glioma 
cells, there is an abnormal upregulation of EMP3 expres-
sion, which is closely associated with poor prognosis in 
patients [32]. Studies have demonstrated that EMP3 can 
enhance the recruitment of TBC1D5, resulting in the 
inactivation of RAB7 and the inhibition of EGFR degra-
dation in tumor cells [33]. This process promotes EGFR/
CDK2 signaling and facilitates cancer cell proliferation. 
The membrane-associated protein Annexin A1 (ANXA1) 
has been shown to promote cell proliferation, migra-
tion, and invasion by modulating the PI3K-Akt signaling 
pathway. Stimulation of ANXA1 by TNF-α in the tumor 
microenvironment leads to increased expression levels, 
resulting in the activation of the PI3K-Akt signaling path-
way. This alteration affects the protein levels of MMP-
2/-9, promoting proliferation, invasion, and migration 
of glioma cells [34]. Secreted frizzled-related protein 2 
(SFRP2) functions as a tumor suppressor gene in glioma 
cells, binding to Wnt ligands or frizzled receptors to reg-
ulate Wnt signaling transduction. Acting as an antago-
nist or agonist of the Wnt signaling pathway, low levels 
of SFRP2 can act as an activator, leading to increased 
expression of Wnt/β-catenin pathway-related proteins, 
promoting cancer cell proliferation, invasion, and migra-
tion [35, 36].

Dual-specificity phosphatase 26 (DUSP26) exhibits 
dual roles in inhibiting and promoting tumorigenesis 
in different environments. Lower levels of DUSP26 can 
excessively activate certain proteins in the MAPK and 
Akt signaling pathways, including p38, STAT1, ERK, 
YAP, Akt, and AMPK, inhibiting cancer cell apoptosis 
and promoting proliferation and migration [37–39].
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Fig. 6 (See legend on next page.)
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Protein kinase C and casein kinase substrate in neurons 
1 (PACSIN1) plays a crucial role as a peripheral mem-
brane protein in synaptic vesicle transport cycles and 
receptor-mediated endocytosis. In glioma cells, PAC-
SIN1 expression gradually decreases with the severity of 
glioma grading, and lower PACSIN1 expression is associ-
ated with poorer patient survival [40].

Cell cycle progression and epithelial-mesenchymal 
transition (EMT) are critical steps in tumor progres-
sion. Transcription factors MYBL2 and Forkhead box M1 
(FoxM1), known as cell cycle proliferation factors, are co-
expressed and overexpressed in glioma cells. Studies have 
revealed that the overexpression of MYBL2 and FoxM1 
leads to increased expression of cell cycle-related pro-
teins such as cyclin B, cyclin D, N-cadherin, and Vimen-
tin, promoting cell proliferation and differentiation. 
MYBL2 acts downstream of the FoxM1/Akt signaling 
pathway, where Akt activation in glioma cells promotes 
the expression of FoxM1 and MYBL2 genes, resulting in 
excessive proliferation, invasion, and migration of glioma 
cells [41, 42].

A systematic cluster analysis was next performed 
(Fig.  6C and F). The upregulated and downregulated 
genes were examined through KEGG and GO analy-
ses. The KEGG analysis of upregulated genes revealed 
that the biological functions of CRGs encompassed 
numerous pathogenic infections, inflammatory reac-
tions, ECM–receptor interactions, cell cycle processes, 
and phagocytosis. Among these categories, the enrich-
ment rate of CRGs in ECM–receptor interaction, cell 
cycle, and phagocytosis was statistically significant. Of 
note, the highest enrichment rate was observed within 
the cell cycle (Fig.  6D). The GO analysis of upregulated 
genes revealed that CRGs were significantly associated 
with mitotic nuclear division, chromosome segregation, 
organelle fission, nuclear division, extracellular struc-
ture organization, and ECM organization, all of which 
were statistically significant. Among the latter four cat-
egories, the CRGs exhibited the highest enrichment rate 
(Fig.  6E). The aforementioned signaling pathways are 
frequently observed in tumors and significantly associ-
ated with tumor cell proliferation, TME, and inflam-
matory responses. These findings imply that CRGs 
may play a role in glioma initiation and progression by 

influencing tumor cell proliferation, TME, and inflam-
matory responses. The KEGG analysis of downregulated 
genes revealed that CRGs exhibited the highest enrich-
ment rate in the neuroactive ligand–receptor interac-
tion pathway, with statistical significance. Additionally, 
these genes were highly significant in nicotine addiction 
(Fig. 6E). Furthermore, the GO analysis of downregulated 
genes indicated that CRGs were significantly enriched in 
vesicular-mediated transport in synapses (Fig. 6E and F).

The expression level of SLC31A1 significantly influences 
GBM
To investigate the impact of the copper transporter gene 
SLC31A1 on the proliferation, migration, and inva-
sion capabilities of glioma cells, we generated stable 
transfected cell lines with SLC31A1 overexpression 
(Over-expression-SLC31A1) and corresponding control 
(Vector) group. The successful establishment of stable 
transfected cell lines was confirmed through qRT-PCR 
and Western blot analysis. Our findings demonstrated a 
significant increase in RNA and protein expression lev-
els in the Over-expression-SLC31A1 group, and a nota-
ble decrease in RNA and protein expression levels in the 
shRNA-SLC31A1 group (Fig.  7A-B), Immunofluores-
cence analyses of cells from each group revealed a posi-
tive correlation between SLC31A1 expression levels and 
individual cell fluorescence intensity (Fig. 7C). The results 
of CCK-8 assays revealed that reduced SLC31A1 expres-
sion led to a decelerated cell proliferation rate, whereas 
elevated SLC31A1 expression significantly accelerated 
cell proliferation (Fig.  7D). Furthermore, Transwell, 
colony formation, and scratch assays showed that over-
expression of SLC31A1 promoted the invasion, migra-
tion, and colony-forming ability of glioma cells, whereas 
downregulation of SLC31A1 expression significantly 
inhibited these capabilities (Fig. 7E-G).

The microtubule inhibitor MP-HJ-1b may suppress the 
proliferation, invasion, and migration of glioma cells by 
downregulating the expression of SLC31A1
MP-HJ-1b, a colchicine binding site inhibitor, has been 
demonstrated to inhibit the proliferation of various 
tumor cells. However, the impact of MP-HJ-1b on GBM 
cell proliferation has not yet been documented. In this 

(See figure on previous page.)
Fig. 6  Functional analysis of differentially expressed SLC31A1 in gliomas. (A) Volcano Plot: Transcriptomic data from 66 glioma tissue in TCGA database 
were utilized to analyze the transcriptome profiles of SLC31A1 with high and low expression levels. The volcano plot was generated based on fold change 
and adjusted p-values (p < 0.05, FC > 2). Significantly upregulated genes are denoted by red dots, downregulated genes by blue dots, and genes with no 
significant difference by gray dots. (B) Heatmap: The heatmap illustrates the expression patterns of differentially expressed genes across various tissues, 
with distinct colors representing diverse expression trends. To manage the extensive list of differentially expressed genes, only the top 100 upregulated 
and top 100 downregulated genes with the most significant changes were displayed. (C-F) Functional Enrichment: KEGG pathway enrichment analysis 
was conducted for both upregulated and downregulated genes, whereas GO term enrichment analysis was performed separately for upregulated and 
downregulated genes. The functional enrichment analyses were performed using the R package ClusterProfiler (version3.18.0). In the results, varying 
colors indicate the significance of the enrichment outcomes, with larger values corresponding to smaller FDR values. The size of the circles on the plot 
represents the number of enriched genes, with darker circles indicating a greater number of enriched genes
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Fig. 7 (See legend on next page.)
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study, we investigated the influence of MP-HJ-1b on 
the expression of the SLC31A1 gene in LN229 cells and 
LN229 cells with SLC31A1 overexpression. Immunob-
lotting experiments showed a reduction in the expres-
sion of SLC31A1 protein in both LN229 cells and stable 
transfectants overexpressing SLC31A1 following MP-
HJ-1b treatment (Fig.  8A). Moreover, immunofluores-
cence experiments on MP-HJ-1b-treated cells exhibited 
a decline in SLC31A1 protein expression (Fig.  8B). To 
further confirm the potential of MP-HJ-1b to modu-
late GBM cells through altering SLC31A1 expression, 
we conducted cell transwell, scratch, and colony forma-
tion assays to evaluate cell proliferation, invasion, and 
migration capabilities. The findings indicated that treat-
ment with MP-HJ-1b resulted in decreased invasion, 
migration, and colony formation abilities of the cells 
(Fig. 8C-E). In conclusion, our results propose that MP-
HJ-1b might impede GBM cell proliferation, invasion, 
and migration abilities by suppressing the expression of 
the SLC31A1 gene.

Discussion
The findings of the present study identified increased 
expressions of SLC31A1, FDX1, DLST, LIPT1, LIPT2, 
DLD, NFE2L2, ATP7A, and DLAT as statistically sig-
nificant risk factors (P < 0.05) for glioma prognosis.
Additionally, reduced expressions of GCSH and ATP7B 
were also identified as risk factors for glioma prognosis. 
Overall, these 11 genes were associated with the prog-
nosis of patients with glioma, particularly the increased 
expression of SLC31A1 and FDX1, which were associated 
with a greater than 200% increase in the risk of disease 
progression and mortality. Previous studies have dem-
onstrated that abnormal expression of CRGs is not only 
significantly associated with lower OS in patients, but 
also closely related to tumor immune infiltration [43]. 
Immune cells infiltrate the tumor microenvironment, 
where tumor cells promote immune escape by overex-
pressing immune checkpoint proteins, including PD-L1, 
CTLA-4, and CD47. These proteins subsequently sup-
press T cell activation and impair macrophage phagocytic 
activity [44, 45]. Li demonstrated that the expression 

levels of CRGs (e.g., FDX1, DLAT, and DLD) in GBM are 
significantly correlated with the expression of immune 
checkpoint proteins, potentially contributing to the for-
mation of an immunosuppressive microenvironment in 
GBM [46]. Our analysis of tumor-infiltrating immune 
cells revealedthat the abnormal expression of CRGs is 
closely associated with tumor immune infiltration, pri-
marily disrupting the balance of M1/M2 macrophages.
This imbalance modulates inflammatory responses and 
contributing to glioma initiation and progression.

TMB is a quantitative measure of the total number 
of mutations present in cancer. CRGs (e.g., CDKN2A, 
PDHB, and ATP7B) exhibit varying degrees of genetic 
mutations and DNA methylation across different cancers 
types.Mutations in CRGs disrupt intracellular copper 
homeostasis, leading to oxidative stress and impairment 
of the tricarboxylic acid (TCA) cycle. These effects sub-
sequently cause DNA damage and compromise the DNA 
damage repair system, thereby increasing TMB levels 
[47–49]. Meanwhile, alterations in the methylation levels 
and genetic mutations of SLC31A1 have been observed 
in various cancers, indicating a potential correlation 
between SLC31A1 and TMB [50]. In glioma cells, our 
study also identified a potential link between CRGs and 
TMB. Specifically, the expression levels of CRGs, includ-
ing FDX1, SLC31A1, ATP7A, and others, were found to 
be positively correlated with TMB, whereas the expres-
sion levels of ATP7B and GCSH demonstrated a negative 
correlation with TMB. Our findings suggests that CRGs 
have the potential to serve as non-invasive screening 
biomarkers and indicators for assessing immunotherapy 
sensitivity.

The interaction between copper ions and various pro-
teins regulates copper homeostasis. The plasma mem-
brane protein SLC31A1 is responsible for the cellular 
uptake of copper in the Cu2+ ion form. Intracellular 
transportation of copper to specific target proteins or 
organelles, such as superoxide dismutase 1 (SOD1) and 
cytochrome c oxidase (COX)in the mitochondria, as well 
as ATP7A/B in the trans-Golgi network (TGN), is facili-
tated by chaperoins (CCS, COX17, and ATOX1). Mean-
while, ATP7A/B plays a crucial role in loading copper 

(See figure on previous page.)
Fig. 7  Enhanced Expression of SLC31A1 Gene Promotes Proliferation, Metastasis, and Invasion in GBM. (A) RT-PCR validation of differential SLC31A1 
mRNA expression between shRNA-SLC31A1 cells and over-expression cells. (B) Western blot validation of varying SLC31A1 protein expression levels 
among distinct stable transfection cell lines. (C) Immunofluorescence validation of the Impact of high and low SLC31A1 expression levels on protein 
expression. The results demonstrate that the fluorescence intensity of individual cells in the SLC31A1 interference group is lower than that of the control 
group, whereas the fluorescence intensity of individual cells in the SLC31A1 overexpression group is higher than that of the control group. Each bar rep-
resents the mean ± SEM of three independent experiments. Compared to the vector group, #### p < 0.0001; compared to shRNA-Con, ****p < 0.0001. (D) 
CCK-8 assay assessing the influence of SLC31A1 expression levels on cell proliferation in LN229 cells. Reduced SLC31A1 expression leads to a significant 
decrease in cell proliferation, whereas elevated SLC31A1 expression enhances proliferation. (E) Transwell assay illustrating that SLC31A1 overexpression 
notably enhances the invasion capability of cells LN229. (F) Scratch assay evaluating the impact of SLC31A1 expression levels on the migration ability of 
LN229 cells. LN229 cells with heightened SLC31A1 expression exhibit significantly improved migration ability. (G) Colony formation assay confirming the 
disparity in colony formation ability in LN229 cells due to varying SLC31A1 expression levels. Cells with low SLC31A1 expression display diminished colony 
formation ability, whereas high SLC31A1 expression fosters colony formation. Each bar represents the mean ± SEM of three independent experiments. 
Compared to Vector, ##p < 0.01, ### p < 0.001, #### p < 0.0001; compared to shRNA-Con, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 8 (See legend on next page.)
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onto copper-dependent enzymes. It utilizes the energy 
derived from ATP hydrolysis to transport copper from 
TGN to the plasma membrane, thereby promoting cop-
per excretion in response to increased intracellular cop-
per levels [51–54]. In the present study elevated ATP7A 
levels were associated with poor glioma prognosis, sug-
gesting a potential role in promoting copper loading onto 
copper-dependent enzymes.

Therapeutic strategies targeting copper metabolism 
in tumors can be classified into two primary categories: 
(i) copper ionophores, which induce cytotoxic effects 
by elevating of intracellular copper concentrations. For 
example, the Elesclomol-Cu2+ complex is transported 
to the mitochondria and accumulated within cells. This 
accumulation leads to the reduction of Cu2+ to Cu+, 
generating reactive oxygen species (ROS) and depleting 
glutathione levels, ultimately killing melanoma and leu-
kemia cells [55]. (ii) In contrast, copper chelators exert 
antitumor effects by reducing intracellular copper levels. 
For example, a nanoparticle system loaded with di-2-pyr-
idylketone-4,4-dimethyl-3-thiosemicarbazone(Dp44mT) 
can effectively target the blood-brain barrier and GBM 
multiforme, demonstrating significant therapeutic effi-
cacy [56]. Notably, the copper chelator TTM exhibits 
inhibitory effects on BRAFV600E-mutated cells (HT-29), 
while demonstrating contrasting effects in BRAF wild-
type (HCT-116) cells [57]. Relevant studies have shown 
that the effect of the copper chelator ammonium tetra-
thiomolybdate (ATTM) on the proliferation of lung ade-
nocarcinoma cells is concentration-dependent, with low 
concentrations promoting proliferation and high concen-
trations inhibiting it [58]. Current research indicates that 
copper-based therapeutic strategies require precise selec-
tion based on tumor type and genetic background.

Compared to other tumors, glioblastoma (GBM) is 
characterized by distinct biological features, including 
the blood-brain barrier, pronounced tumor heteroge-
neity, and an immunosuppressive microenvironment. 
These characteristics make GBM particularly suscep-
tible to alterations in copper homeostasis.This study 
utilized bioinformatics analysis to identify 11 CRGs 
(SLC31A1, FDX1, DLST, LIPT1, LIPT2, DLD, NFE2L2, 
ATP7A, DLAT, GCSH, and ATP7B) as the most prom-
ising biomarkers for the diagnosis and treatment of glio-
blastoma. The roles of these genes in several processes, 

including the regulation of angiogenesis, cell apoptosis, 
cell migration, cell proliferation, and TME in glioma, 
need to be further explored to elucidate how these CRGs 
affect glioma progression. Further functional analysis of 
SLC31A1, which exhibited significant differential expres-
sion, revealed its involvement in mitotic and cell cycle 
regulatory processes.

SLC31A1 is a core transporter regulating cellular cop-
per ion uptake, playing a key role in maintaining copper 
homeostasis and modulating cuproptosis pathways 。Its 
abnormal expression is closely associated with various 
diseases, including Wilson’s disease, neurodegenerative 
diseases, and the progression of multiple cancers [59, 60]. 
Notably, SLC31A1 demonstrates significant tissue speci-
ficity across various tumor types.It is highly expressed in 
breast cancer, esophageal cancer, and colorectal cancer, 
where its expression correlates with poor prognosis and 
chemoresistance. In contrast, it is downregulated in chol-
angiocarcinoma and clear cell renal cell carcinoma [61]. 
Although the role of SLC31A1 has been extensively stud-
ied in various tumors, its function and mechanisms in 
glioma remain poorly explored.This study demonstrated 
that upregulation of SLC31A1 expression promotes gli-
oma cell proliferation and migration capabilities, whereas 
SLC31A1 knockdown markedly suppresses these onco-
genic processes.These findings suggest that SLC31A1 
may play a significant role in the pathogenesis and pro-
gression of glioma.

Intriguingly, analogous to iron ions, copper ions partic-
ipate in Fenton-like reactions, leading to the generation 
of hydroxyl radicals. The excessive intracellular accumu-
lation of copper in cancer cells results in substantial reac-
tive oxygen species (ROS) production, thereby initiating 
a distinct form of regulated cell death known as cupro-
ptosis. This novel cell death mechanism offers promising 
therapeutic potential for cancer treatment [59, 60]. The 
microtubule inhibitor MP-HJ-1b.previously developed 
by our research team, specifically targets the colchicine-
binding site and induces ferroptosis through multiple 
mechanisms, including the downregulation of SLC7A11 
and glutathione peroxidase 4 (GPX4) expression, deple-
tion of intracellular glutathione levels, and subsequent 
accumulation of lipid ROS [24]. Our study found that 
MP-HJ-1b can significantly inhibit the expression of 
SLC31A1 in glioma cells, thereby effectively suppressing 

(See figure on previous page.)
Fig. 8  MP-HJ-1b Reduces SLC31A1 Expression and Suppresses Proliferation, Invasion, and Migration Abilities of LN229 Cells. (A) Significant reduction 
in SLC31A1 protein expression in LN229 cells after treatment with MP-HJ-1b. (B) Immunofluorescence Validation of the effect of MP-HJ-1b on SLC31A1 
Protein Expression. The results demonstrate that both LN229 cell group and over-expression cell group exhibit decreased expression of SLC31A1 protein 
after treatment with MP-HJ-1b. Each bar represents the mean ± SEM of three independent experiments. Compared to over-expression, #### p < 0.0001; 
compared to Con, *p < 0.05. (C) Transwell assay demonstrates the inhibitory effect of MP-HJ-1b on the invasion ability of LN229 cells. (D) Scratch assay 
indicates a notable decrease in the migration ability of cells treated with MP-HJ-1b. (E) Colony formation assay shows that MP-HJ-1b significantly inhibits 
the colony formation ability of LN229 cells. Each bar represents the mean ± SEM of three independent experiments. Compared to the over-expression, 
the over-expression-MP-HJ-1b group exhibits significant statistical differences, ##p < 0.01, ### p < 0.001, #### p < 0.0001; compared to the LN229 group, 
the LN229-MP-HJ-1b group show significant statistical differences, *p < 0.05, **p < 0.01
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their proliferative and migratory capabilities.These find-
ings suggest the potential value of SLC31A1 as a thera-
peutic target. This study highlights the critical role of 
copper metabolism regulatory networks in cancer thera-
peutics, revealing two distinct therapeutic strategies: tar-
geting SLC31A1 to potentiate chemosensitivity through 
copper metabolism modulation; and utilizing MP-HJ-1b 
demonstrates multi-target therapeutic effects by simul-
taneous regulation of both ferroptosis and cuproptosis 
pathways.

This study has the following limitations. First, selec-
tion bias in public databases may affect the robustness 
of the analysis, Second, validation of drug mechanisms 
is currently limited to the cellular level and requires fur-
ther evaluation through animal models and clinical trials 
to assess their efficacy and safety. Previous studies have 
consistently demonstrated that targeted inhibition of the 
SLC31A1 gene effectively suppresses tumor prolifera-
tion and metastatic progression in mouse models of both 
breast cancer and non-small cell lung cancer (NSCLC) 
[62, 63].These findings provide a theoretical basis for the 
clinical translation of CRGs-targeted therapies. However, 
CRGs-targeted therapy still faces multiple challenges. 
For instance, the therapeutic efficacy of CRGs-targeted 
therapies is easily influenced by the tumor microenviron-
ment and tumor heterogeneity, which contribute to the 
limitations of single gene-targeted therapies. Therefore, 
combining CRGs-targeted therapies with immune check-
point inhibitors or chemotherapy agents through multi-
pathway synergism is considered a promising future 
direction in cancer treatment.
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