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Identification of RBX1 as a
regulator of LIPT1 transcription
and its role in copper-induced cell

death in GBM cells
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This study aimed to investigate the expression and prognostic significance of genes associated with
copper-induced cell death in glioblastoma multiforme (GBM). Using a suite of bioinformatics tools and
databases, the researchers analyzed gene expression, survival rates, and immune infiltration in GBM.
Complementary in vitro experiments were performed to evaluate the effects of LIPT1 inhibition on
GBM cell behavior in the context of copper-induced cell death. The team further explored upstream
mechanisms leading to LIPT1 overexpression in GBM, specifically focusing on transcription factors
and the role of ubiquitination degradation. The findings indicated a significant upregulation of LIPT1
in GBM, correlating with increased sensitivity to copper-induced cell death. Inhibition of LIPT1 was
observed to exacerbate malignant behaviors in GBM cells post-copper exposure. Subsequent analysis
pinpointed three transcription factors—CBX3, E2F6, and GTF2B—as regulators of LIPT1. Notably,
GTF2B was also found to be co-expressed with LIPT1 and positively associated with recurrence-free
survival in patients. ChIP-seq data analysis revealed significant GTF2B binding peaks near the LIPT1
promoter. Further exploration using UbiBrowser 2.0 identified E3 ubiquitin ligases that potentially
target GTF2B, with RBX1 emerging as a viable anti-cancer target in GBM. Data from the UALCAN
database showed a notable decrease in RBX1 protein expression in GBM tissues. Moreover, several
ubiquitination modification sites were detected on the GTF2B protein. In conclusion, the study
proposes a novel scientific hypothesis: RBX1 inhibits LIPT1 transcription by promoting the ubiquitin-
mediated degradation of GTF2B, thereby suppressing copper-induced cell death in GBM cells. These
findings offer new insights into the molecular mechanisms governing copper death sensitivity in GBM
and identify potential therapeutic targets for further exploration.
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ChIP-seq Chromatin immunoprecipitation sequencing
Co-IP Co-immunoprecipitation

ChIP Chromatin immunoprecipitation

CNS Central nervous system

CRGs Cuproptosis-associated genes

DFS Disease-free survival

hTFtarget  The human transcription factors target

GBM Glioblastoma multiforme
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GEPIA Gene expression profiling and interactive analyses
LIPT1 lipoyltransferase 1

(N Overall survival

PD-1 Programmed death receptor-1

PD-L1 PD-1 ligand

RES Recurrence-free survival

TCA Tricarboxylic acid

WB Western blotting

According to the World Health Organization, glioblastoma multiforme (GBM) is one of the most lethal and
aggressive brain tumors, affecting millions worldwide!. The current treatment for GBM involves multimodal
comprehensive therapy, including surgery, radiotherapy, chemotherapy, and targeted therapy, typically spanning
a treatment period of approximately 6 weeks?. However, due to the highly invasive nature of GBM cells, they
easily infiltrate surrounding brain tissue, rendering complete tumor resection difficult. This challenge results in a
high recurrence rate, with the majority of patients experiencing recurrence within two years of diagnosis’, and a
5-year average survival rate of less than 6%*. Furthermore, the neurological dysfunction and decreased quality of
life caused by the tumor have a devastating impact on patients and their families. Current treatment modalities
face challenges such as poor treatment efficacy and clinical prognosis, underscoring the urgent need to explore
advanced treatment strategies and develop new therapeutic directions to improve patient outcomes.

The molecular mechanisms underlying the development of GBM remain incompletely understood,
emphasizing the critical importance of investigating novel mechanisms to inhibit GBM malignant progression
and identify new treatment strategies. A new study revealed a novel cell death mechanism termed “copper-
induced cell death (cuproptosis),” which is dependent on mitochondrial respiration, a mechanism not
previously described’. Novel cell death mechanisms often introduce new targets for tumor therapy. Studies
have demonstrated that copper-induced cell death is closely associated with the prognosis of various tumors
and the regulation of the tumor microenvironment. It can even predict the prognosis of patients receiving
immunotherapy based on copper-induced cell death activity®. Therefore, inducing copper-induced cell death
holds promise as a prospective tumor treatment method; however, its role in GBM remains unclear and warrants
further investigation.

This study explores the relationship between the copper-induced cell death-regulating gene lipoyltransferase
1 (LIPT1) and the prognosis of GBM patients. It further investigates the role and molecular mechanisms of the
RBX1/GTEF2B/LIPT signaling pathway in regulating copper-induced cell death in GBM, offering new molecular
targets for GBM treatment.

Materials and methods
UALCAN survival analysis
UALCAN is an interactive web-based software that can be used to perform analyses of tumor subgroup gene
expression and survival’. A survival analysis with a P-value less than 0.05 was considered statistically significant.

Expression levels and survival analysis of hub genes in GBM

The association between hub gene expression and patient survival in glioblastoma (GBM) was assessed using
the Gene Expression Profiling and Interactive Analyses (GEPIA) platform®. Expression data from 162 GBM
tissues and 207 non-tumor controls were interrogated. Analyses employed built-in covariates (age, gender, TNM
stage), with the option to incorporate additional factors such as molecular subtype. Prognostic significance was
determined by correlating gene expression with clinical outcomes, including Overall Survival (OS) and Disease-
Free Survival (DFS), to pinpoint prognostic biomarkers among the hub genes.

TIMER database analysis

TIMER is a database® for systematic analysis of immune information of various types of tumors. The TIMER
database contains data from a total of 10,897 samples of 32 cancers from TCGA and can assess the abundance of
tumor immune infiltration. The “Gene” module was used to analyze the correlation between the expression level
of LIPT1 and the abundance of immune cell infiltration in GBM.

Evaluation of transcription factors

The Human Transcription Factors Target (hTFtarget) database, which comprises information on 659
transcription factors obtained from 7,190 experimental samples'®, was used to predict potentially valuable
transcription factors.

The ChIP-seq database

The ChIP-seq database provides Chromatin Immunoprecipitation Sequencing (ChIP-seq) data for studying the
relationship between transcription factors and DNA binding sites'!. The Cistrome Data Browser is a resource
of ChIP-seq, ATAC-seq and DNase-seq data from humans and mice. It provides maps of the genome-wide
locations of transcription factors, cofactors, chromatin remodelers, histone post-translational modifications and
regions of chromatin accessible to endonuclease activity.

The UbiBrowser 2.0 database

UbiBrowser 2.0 served as a comprehensive repository for identifying potential E3-substrate interactions across
the entire human proteome!2. Next, we utilized the internet-based platform UbiBrowser to forecast the potential
targets of GTF2B.
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Cell culture

The human glioblastoma cell lines U251, U118, and A172, as well as the normal control HA1800 cells, were
supplied by G. E Vande Woude from the Van Andel Research Institute in Grand Rapids, MI. Human peripheral
blood CD8* T cells were bought from Shanghai Jinyuan Biotechnology Co., Ltd. (China), and were immediately
used for the experiment after purchase. These cells were cultured in Dulbecco’s modified Eagle medium or
RPMI-1640 (Human peripheral blood CD8* T cells) supplemented with 10% fetal bovine serum and maintained
in a 5% carbon dioxide environment at 37 °C in a cell culture incubator.

Quantitative real-time PCR

Total RNA was extracted from cells by using TRIzol reagent (Invitrogen, #15596018CN) following the
manufacturer’s protocol. A cDNA synthesis kit (Takara, #RR037A) was used for the synthesis of cDNA according
to the manufacturer’s instructions. RT-PCR was performed using a TB Green" Premix Ex Taq™ II (Tli RNaseH
Plus) from Takara (#RR820Q). Table 1 lists the primer sequences used for the Quantitative Real-Time PCR. The
relative expression level of each target gene was normalized to the endogenous reference gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and calculated using the comparative 2 — AACt method. All reactions were
run in triplicate. The primer sequences used in this study are listed in Table 1.

Western blot assay

Cells were lysed, and the protein in the supernatant extracts was quantified using a BCA protein assay kit
(Beyotime Institute of Biotechnology). The total cell lysates, fifty micrograms per lane, were resolved on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels. These were then transferred onto polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA). The membranes were incubated with primary antibodies LIPT1
(Invitrogen, #PA5-106991, 1:1000), PDX1 (Proteintech, #20989-1-AP, 1:1000), RBX1 (Proteintech, #14895-1-
AP, 1:500), GTF2B (Proteintech, #16467-1-AP, 1:1000), GAPDH (Proteintech, #60004-1-1 g, 1:2000) overnight
at 4 °C. The following day, they were treated with a horseradish peroxidase-linked secondary anti-rabbit or anti-
mouse antibody (Bio-Rad). Immunoreactivity was detected using enhanced chemiluminescence (Amersham
Biosciences, Piscataway, NJ, USA) with a Chemidoc imaging system and Quantity One software (Bio-Rad).
Densitometric analysis was performed using the Quantity One software. GAPDH served as a loading control.

ES-Cu induced copper death

GBM cells were treated with varying concentrations of ES-Cu (elesclomol: CuCl, =1:1), specifically 1, 2, 8, 16,
32, 40, 64, and 128 nM. The treatment was carried out for different durations: 0, 1, 2, 3, and 4 h. Following this,
the medium was replaced with fresh medium and the cells were cultured for an additional 24 h to observe the
cytotoxicity induced by the metal ions.

EdU staining

The Cell-Light EAU Apollo567 In Vitro Kit (Ribo, #V0726) was utilized to detect DNA synthesis activity in
GBM cells. Cells treated with ES-Cu were incubated with 40uM EdU medium for 3 h. Following this, the
cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% TritonX-100. The Apollo fluorescent
dyeing solution was then added and incubated at room temperature for 30 min in the dark. Subsequently, the
Hoechst33342 dyeing solution was added and incubated for an additional 15 min in the dark. The number of
EdU positive cells was observed using a fluorescence microscope.

Primer Sequence(5’ to 3°)

Human GAPDH-F (RT-qPCR) | GTCTCCTCTGACTTCAACAGCG
Human GAPDH -R (RT-qPCR) | ACCACCCTGTTGCTGTAGCCAA
Human LIPT1 -F (RT-qPCR) CAGGAACAGCTTCTAAGATCGGC
Human LIPT1-R (RT-qPCR) AGCAGTGGCATTGCTCCTGATC
Human RBX1 -F (RT-qPCR) ACTGTGCCATCTGCAGGAACCA
Human RBX1-R (RT-qPCR) ACCTGTCGTGTTTTGAGCCAGC
Human GTF2B -F (RT-qPCR) | GATCTGTCCTGAATGTGGCTTGG
Human GTF2B-R (RT-qPCR) GAGGATTCTGAGAATCTCCAACTC
Human LIPT1 shRNA#1 GCACTTGGGACGACCTAATTT

Human LIPT1 shRNA#2 ACACAGGAGGGAGGGTAAATA
Human LIPT1 shRNA#3 GTCCCAGCAGCTGGCTTTAAA

Human GTF2B shRNA #1 ATCAATCTACCTCGAAATATA
Human GTF2B shRNA #2 GCTTCTGCTTGTCTCTATATT
Human GTF2B shRNA #3 TGTGGCAGCGGCAGCTATTTA

Human LIPT1-F (ChIP-qPCR)

AATTGCTTAAGGAAAATGTAGTGTG

Human LIPT1-R (ChIP-qPCR)

TGTTAAAGAGTACAGCATGTTTGAG

Table 1. Primer sequences, shRNAs, and SiRNAs used in this study.

Scientific Reports |

(2026) 16:6837

| https://doi.org/10.1038/s41598-026-37105-w

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

LIVE/DEAD cell imaging assay

The LIVE/DEAD™ cell imaging kit (Invitrogen, #R37601) was employed to analyze cell death following treatment
with ES-Cu (40 nM, 3 h). Cells treated with ES-Cu were stained with the Live Green /Dead Red staining solution.
This was followed by an incubation period at room temperature for 15 min in the dark. Observations were made
under a fluorescence microscope. Living cells were colored green, while dead cells were colored red. The cell
mortality rate was subsequently calculated based on these observations.

MTT assay

Following the induction of ES-Cu, a 10uM MTT solution (5 mg/mL; Sigma-Aldrich) was added to each well
containing GBM cells (5000 cells per well). After culture at 37 °C for 4 h, supernatant was discarded and 200 uL
DMSO was introduced. Absorbance at 570 nm was obtained by a microplate reader (Varioskan LUX, Invitrogen,
Waltham, MA, USA).

Colony formation assay

GBM cells were digested with trypsin and then inoculated into 6-well plates, with each well containing 2000
cells. After these cells were treated with 40 nM concentration of ES-Cu for 3 h, they were then cultured under
normal conditions for another 7 days. Following this, the cells were fixed with 4% paraformaldehyde for 20 min
and stained with a 0.2% crystal violet solution. Colonies consisting of more than 50 cells were counted using an
inverted microscope (Leica Microsystems, Germany).

Transwell invasion assay

Transwell invasion assays were conducted using 24-well Matrigel-coated chambers (8-um pore size) sourced
from BD Biosciences. As per the manufacturer’s protocol, cells were allowed to grow until they reached 75-80%
confluence. Following this, they were serum-starved for a period of 24 h. Nonmotile cells were subsequently
removed with a cotton swab. The cells remaining on the lower surface of the filter were fixed with cold methanol
and stained with a 0.1% (w/v) crystal violet solution (Sigma).

Migration assay

Cell migration assays were performed using modified Boyden chambers (Transwell’, Corning Incorporated, N,
USA), in 24-well plates containing uncoated Transwell polycarbonate membrane filters (8-um pores) separating
the lower and upper chambers. 500 pL aliquots of the corresponding media (with FBS) were place in the lower
chamber. Transfected U251 and A172 cells were loaded and incubated in the upper chamber. The cells that
migrated to the lower surface of the membrane filter were fixed and stained with 1% crystal violet solution for
30 min after gently removing the non-migratory cells from the upper surface of the membrane filter. The number
of cells migrating to the lower surface was determined microscopically by counting five random visual fields per
well.

CD8 +T cytotoxicity assay and enzyme linked immunosorbent assay (ELISA)

After GBM cells were treated with 40 nM ES-Cu for 3 h according to the instructions, 2 x 10* GBM cells and
2 x 10° CD8 + T cells (Jin Yuan Biotechnology Co., Ltd., China) were co-cultured in 6-well plates. Following
a 24-hour incubation period, the toxicity of the CD8 + T cells was evaluated. This was done using a human
IFN-y ELISA assay kit (Abcam, Cambridge, UK) and an LDH cytotoxicity assay kit (Thermo Fisher, Waltham,
MA, USA), with the procedures carried out according to the instructions provided with the kits. Interferon y
(IFN y) level was tested with ELISA kits (Abcam, Cambridge, UK). In short, supernatant of each co-culture
group was harvested. Next, each sample well was added with 100 uL enzyme conjugate and allowed for reaction
at 37 °C for 30 min. Then, each well was introduced with 100 pL horseradish peroxidase substrate solution
for color development at 37 °C for 20 min. Lastly, each well was added with 50 uL termination solution and
the absorbance at 450 nm was assessed within 20 min'>. CD8 + T cell cytotoxicity was assayed with lactate
dehydrogenase (LDH) cytotoxicity kit (Thermo Fisher, Waltham, MA, USA). Cytotoxicity was measured follow-
ing: Cytotoxicity%=[(Chemical-treated LDH activity—Spontaneous LDH activity)/(Maximum LDH activity -
Spontaneous LDH activity)] x 100%"3.

Lentiviral cell infection

For lentiviral cell infection, specific sShRNA lentiviral particles containing gene interference sequences or specific
overexpressed lentiviral particles containing gene CDS sequences were procured from Gilman Biotechnology
(Shanghai) Co., LTD (Table 1). Lentiviral expression vectors containing the corresponding sequences were
constructed and co-transfected into 293 T cells using Lipofectamine 2000 and packaging plasmids (psPAX2,
#12260, Addgene; pMD2.G, #12259, Addgene). The titer and infection efficiency were determined by observing
the expression of GFP under a fluorescence microscope. Following several days of infection at appropriate
multiplicities and screening with 2 pg/ml puromycin, the lentivirus-infected GBM cells were collected. The
screening process continued until stable infected cells were obtained.

In vitro ubiquitination experiment

A label fusion expression plasmid of HA-RBX1, Myc-GTF2B, and Flag-ubiquitin was constructed. This was then
transfected into 293T cells as per the requirements. A six-hour treatment with 10 uM MG132 was employed to
inhibit the ubiquitination degradation of the protein. Co-immunoprecipitation (Co-IP) was carried out using
the Pierce co-precipitation kit, following the instructions provided with the kit. Cell lysates were prepared and
immobilized with AminoLink Plus conjugate resin. These were then immunoprecipitated overnight at 4C.
Following this, the sample was eluted. The eluent was subsequently analyzed using Western Blotting.
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Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was performed using ChIP kit(Abcam, UK) with a specific immunoprecipitation antibody (Thermo Fisher,
USA) or normal rabbit IgG antibody(Thermo Fisher, USA). PCR amplification of the precipitated DNA was
performed. Table 1 lists the primer sequences used for the ChIP assay.

Statistical analysis

To analyze the data obtained from the experiments, each experiment was conducted at least three times, and the
data was expressed as mean * standard error of the mean (SEM). The statistical analysis was performed using
SPSS version 19.0 software for Windows (SPSS Inc, Chicago, USA). The comparison between two groups was
performed using the two-tailed Student’s t-test. Multiple-group comparison was analyzed using one-way or two-
way ANOVA. The significant difference was considered when P <0.05.

Results

Expression of copper death-related genes in GBM and prognostic significance

According to the literature, 13 Cuproptosis-associated genes (CRGs) have been identified. These include 7 pro-
copper death genes (FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB), 3 anti-copper death genes (MTFI,
GLS, and CDKN2A), and 3 copper transporters (ATP7A, ATP7B, SLC31A1)°. We analyzed the expression levels
of these CRGs in GBM using the UALCAN database, with a statistical significance threshold set at p < 0.05.
We found that the expression levels of FDX1, LIPT1, CDKN2A and SLC31A1 genes in GBM were significantly
elevated (Fig. 1A and D), while the expression levels of PDHA1 and GLS genes were significantly decreased (Fig.
1E and F). Following this, we performed a prognostic analysis (Group Cutoff by Quartile) on these 6 significantly
differentially expressed CRGs using the GEPIA database. Our analysis indicates that only LIPT1 has a relatively
good prognostic value. The analysis results show that patients with glioblastoma who have a high expression
level of LIPT1 have a significantly longer recurrence-free survival period (RFS) (Fig. 1G). However, there is no
statistically significant difference in overall survival rate (OS) between patients with high and low expression
levels of LIPT1 (Fig. 1H). Furthermore, using the TIMER database, we predicted that LIPT1 expression was
significantly positively correlated with CD8 + T cell infiltration in GBM (Fig. 1I).

The elevated expression of LIPT1 in GBM represents enhanced copper death sensitivity
RT-qPCR revealed that LIPT1 expression was significantly higher in GBM cell lines (U251, U118, A172)
compared to the human normal astrocyte cell line HA1800 (Fig. 2A). For subsequent experiments, we selected
the U251 and A172 cell lines, which exhibited higher LIPT1 expression. The classic inducers of copper death are
the copper carrier drug elesclomol and CuCl2 in a 1:1 combination. The combined use of elesclomol and CuCl2
(ES-Cu) induced cell toxicity in a concentration- and time-dependent manner (Fig. 2B and C). Ultimately, we
found that treatment with ES-Cu at a concentration of 40 nM for 3 h was optimal for inducing copper death.
ES-Cu-induced cell toxicity could not be prevented by Z-VAD-FMK (an apoptosis inhibitor), necrostatin-1 (a
necrosis inhibitor), or ferrostatin-1 (a ferroptosis inhibitor), but it could be rescued by tetrathiomolybdate (a
copper death inhibitor) (Fig. 2D). This suggests that the cell death induced by ES-Cu is due to copper death. We
infected GBM cells with lentiviral shRNA targetingLIPT1, which resulted in the inhibition of LIPTI and FDXI
(Ferredoxin-1. a critical mediator ofcuproptosis) expression in GBM cells as detected by RT-qPCR or Western
blotting (Fig. 2E-F). Following this, we observed a significant reduction in copper death sensitivity in LIPT1-
inhibited GBM cells upon copper death induction (Fig. 2G). The high expression of LIPT1 in GBM is associated
with enhanced copper death sensitivity, suggesting that targeting copper death in GBM may be a promising
therapeutic strategy.

Inhibition of LIPT1 promotes malignant biological behavior of GBM cells after copper-
induced cell death

Our clonogenic assay revealed that inhibiting LIPT1 led to an increase in cell survival following ES-Cu treatment
(Fig. 3A). Moreover, inhibiting LIPT1 was found to enhance the migration and invasion activity of cells (Fig. 3B
and C). We then co-cultured CD8+T cells with GBM cells following ES-Cu treatment. By measuring the
concentration of IFN-y in the co-culture supernatant using ELISA, we found that knocking down LIPT1 in
GBM cells resulted in a decrease in IFN-y released by CD8 + T cells in the co-culture system (Fig. 3D). We used
an LDH assay to directly evaluate CD8+T cell-mediated cytotoxicity, and our results indicated that knocking
down LIPT1 increased the resistance of GBM cells to CD8 + T cell-mediated cytotoxicity (Fig. 3E).

Upstream mechanism analysis of LIPT1

To delve deeper into the upstream mechanisms of LIPT1 overexpression in GBM, we procured the genes co-
expressed with LIPT1 in GBM (exhibiting a significant positive correlation) from UALCAN (Fig. 4A). A list
of transcription factors targeting LIPT1 was obtained from hTFtarget, and a cross-selection was performed
with the co-expressed genes procured from UALCAN. This resulted in three intersecting factors: CBX3, E2F6,
and GTF2B (Fig. 4B). By leveraging the ChIP-seq database Cistrome Data Browser, we selected the top five
GTE2B ChIP-seq samples with the highest quality control. We observed significant binding peaks of GTF2B in
proximity to the LIPT1 promoter across all sequenced data (Fig. 4C). Utilizing UbiBrowser 2.0, we predicted the
E3 ubiquitin ligases targeting GTF2B (Fig. 4D). Among these, RBX1 emerged as a potential anticancer target
in GBM!, and a notable decrease in RBX1 protein expression in GBM was predicted by UALCAN (Fig. 4E).
Multiple ubiquitination modification sites were identified on the GTF2B protein according to the UbiBrowser
2.0 database (Fig. 4F).
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Expression of FDX1 in GBM based on Sample types

Expression of LIPT1 in GBM based on Sample types
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Fig. 1. Shows the comprehensive analysis of CRGs in GBM. (A-F) UALCAN identified significantly
differentially expressed CRGs (FDX1, LIPT1, CDKN2A, SLC31A1, PDHA1, GLS) in GBM.(G-H) GEPIA
analyzed the prognostic significance of LIPT1 expression on recurrence-free survival (RFS) and overall
survival (OS) in GBM patients. I, TIMER database analyzed the correlation between LIPT1 expression and

CD8+T cell infiltration in GBM.

RBX1 ubiquitinates and degrades GTF2B to inhibit LIPT1 transcriptional expression

In the analysis of upstream mechanisms of LIPT1, through Western blot analysis, we found a significant decrease
in RBXI1 protein expression and a significant increase in GTF2B and LIPT1 expression in GBM cells compared
to HA1800 cells (Fig. 5A). By lentiviral infection, we achieved stable overexpression of RBX1 or knockdown
of GTF2B in GBM cell lines. Additionally, overexpression of RBX1 also led to a reduction in GTF2B protein
expression (Fig. 5B). RT-qPCR analysis showed that both overexpression of RBX1 and knockdown of GTF2B
resulted in a decreasein LIPTI transcriptionalexpression in GBM cells. However, ubiquitinase inhibitor TAK-
243mitigated the LIPTI transcriptional inhibition caused by the overexpression of RBXI (Fig. 5C).The Western
blot results further confirmed this finding (Fig. 5D). In vitro ubiquitination experiments demonstrated an
interaction between RBX1 and GTF2B proteins, as overexpression of RBX1 increased the level of ubiquitination
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Fig. 2. LIPT1-mediated copper death sensitivity of GBM. (A) RT-qPCR detects the expression of LIPT1 in
astrocyte HA1800 and GBM cell lines (1 =3, one-way ANOVA). (B) MTT detects the concentration-dependent
toxicity of ES-Cu to GBM cells (n=3, two-way ANOVA). (C MTT detects the time-dependent toxicity of
ES-Cu to GBM cells (n =3, two-way ANOVA). (D) MTT detected the effect of different death inhibitors on
ES-Cu-induced cytotoxicity (n =3, one-way ANOVA). (ERT-qPCR detects LIPT1 knockdown efficiency (n =3,
two-tailed student’s t-test).(F) Western blot analysis shows the knockdown efficiency of LIPT1 and its effect on
the expression of FDX1, a key cuproptosis marker protein (1 =3, two-tailed student’s t-test). (G) MTT detected
the effect of knockdown LIPT1 on E S-Cu-induced cytotoxicity (n=3, two-tailed student’s t-test). *P <0.05,
**P<0.01, **P<0.001, ***P<0.0001.

modification on GTF2B protein (Fig. 5E). ChIP-qPCR experiments revealed that both overexpression of RBX1
and knockdown of GTF2B weakened the enrichment ability of GTF2B on the LIPT1 promoter (Fig. 5F).

Discussion

Traditionally, the central nervous system (CNS) has been commonly perceived as an immune-privileged site,
characterized by few immune cells and limited immune activity'>. However, recent studies have revealed that the
human CNS exhibits robust immune activity'®, opening avenues for immunotherapy in brain tumor treatment.
Moreover, the heterogeneity of glioblastoma and its unique tumor immune microenvironment underscore the
limitations of conventional therapies'”!¥. This microenvironment comprises tumor-associated macrophages,
myeloid-derived suppressor cells, and tumor-associated lymphocytes!'®, alongside blood-derived immune cells
such as monocytes/macrophages, leukocytes, bone marrow stromal stem cells, dendritic cells, and lymphocytes,
primarily CD4+, CD8 + T, regulatory T (Treg) cells, and NK cells®. Locally produced cytokines, chemokines,
and growth factors interact with extracellular matrix components, modulating the infiltrating immune cells.
This interaction results in these cells acquiring different functional characteristics, thereby steering the immune
system towards either a pro-inflammatory or anti-inflammatory response in GBM. Within this milieu, immune
cells create a specialized ecosystem, pivotal in anti-tumor responses, immune regulation, and responses to
therapeutic interventions?!.

T cells are crucial for adaptive immunity. Copper regulates T cell function: Deficiency reduces IL-2 (vital
for T cell differentiation, proliferation, and killing) production and mRNA in human T cells, reversible
by supplementation?>?3. Combining copper chelation with anti-VEGF therapy inhibits mesothelioma by
normalizing vasculature and increasing T-cell infiltration®*. Inmunosuppressive Tregs (CD4* subset) promote
tumor immune escape®>?°. Inhibiting Treg infiltration in the tumor microenvironment (TME) improves
immunotherapy response?’. Rapidly developing tumor immunotherapies (checkpoint blockade, vaccines,
cell therapy) offer new hope. Copper’s role in boosting anti-tumor immunity, particularly through the novel
mechanism of cuproptosis, is driving research into copper-based strategies to improve immunotherapy?.
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Fig. 3. Inhibition of LIPT1 Promotes the Malignant Biological Behavior of GBM Cells after Copper Death. (A)
Clonalization assay detects the effect of LIPT1 knockdown on GBM cell survival after ES-Cu treatment (n=3,
two-tailed student’s t-test). (B) Migration assay detects the effect of LIPT1 knockdown on GBM cell migration
after ES-Cu treatment (40 nM, 3 h; n=3, two-tailed student’s t-test). (C) Transwell assay detects the effect of
LIPT1 knockdown on GBM cell invasion after ES-Cu treatment (1 =3, two-tailed student’s t-test). (D) ELISA
assay detects the effect of LIPT1 knockdown on CD8+ T cell-mediated IFN-y secretion in the co-culture
system after ES-Cu treatment (1 =3, two-tailed student’s t-test). (E) LDH assay detects the effect of LIPT1
knockdown on CD8+T cell-mediated GBM cell cytotoxicity after ES-Cu treatment (1 =3, two-tailed student’s
t-test). *P<0.05, **P<0.01, ¥**P<0.001, ***P<0.0001.

In recent years, the emergence of immune checkpoint inhibitors, particularly Programmed Death Receptor-1
(PD-1) monoclonal antibodies, has marked a significant shift in the field of cancer immunotherapy. However, the
therapeutic efficacy of PD-1 monoclonal antibodies in treating glioblastoma has been found to be suboptimal,
as indicated by the outcomes of completed Phase III clinical trials®. Currently, Nivolumab, a PD-1 inhibitor, is
under investigation in Phase III clinical trials. In these trials, 369 patients with recurrent GBM were randomly
divided into two groups, receiving either 3 mg/kg of nivolumab or 10 mg/kg of bevacizumab, an anti-angiogenic
drug targeting VEGE every two weeks, with treatment continuing until confirmed disease progression.
Preliminary findings from these trials suggest that the median survival and toxicity profiles of patients in the
nivolumab group are comparable to those in the bevacizumab group®. At present, given the presence of the
blood-brain barrier, the complexity of GBM pathogenesis, the unique immune microenvironment in brain
tissue, and the limitations of current biomolecular technologies, it becomes evident that further clinical studies
may be required to fully harness the potential of GBM immunotherapy. Thus, while immunotherapy can serve
as a component of a comprehensive treatment strategy, it cannot replace traditional surgical and radiation
therapies. However, the potential for integrating traditional therapies with immunotherapy offers a promising
avenue for the development of more effective treatment approaches.

Cuproptosis, an emerging mechanism of cell death, has become a focal point in the field of cancer research.
The mechanism of cuproptosis is significantly different from known cell apoptosis, pyroptosis, necroptosis, and
ferroptosis. It is a copper-dependent cell death process that is intricately linked to mitochondrial respiration:
excess copper ions in cells can be transported to mitochondria by ion carriers, directly bind to the acylated
components in the tricarboxylic acid (TCA) cycle of mitochondrial respiration, and also interfere with iron-
sulfur clusters. Consequently, this interference results in the aggregation of acylated proteins and the loss of
iron-sulfur cluster proteins, inducing protein toxicity stress and ultimately culminating in cell death>3!.
Elevated concentrations of copper ions have been observed in the serum and tumor tissues of patients with
various malignant tumors, compared to serum and tissues of healthy individuals*2. Additionally, studies from
several universities and research institutions have suggested a potential correlation between the expression of
cuproptosis-related genes, the immune microenvironment of gliomas®***4, and patient prognosis®>*¢. Therefore,
the conclusions drawn from existing literature primarily rely on bioinformatics analysis and lack specific
experimental validation. Thus, further exploration of the anti-tumor mechanism of cuproptosis holds substantial
promise for future applications.

Based on published literature’® and data from bioinformatics platforms UALCAN’ and GEPIA?®, we
performed an analysis to predict the expression and prognostic significance of 13 copper death-related genes
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Fig. 4. Analysis of the Upstream Mechanism of LIPT1 Expression in GBM. (A) Co-expression analysis

of LIPT1 and its top 100 correlated genes in GBM from UALCAN. (B) Screening for transcription factors
targeting LIPT1 and their co-expression with LIPT1 in GBM. (C) Promoter regions with significant binding
peaks of GTF2B near LIPT1 in the Cistrome Data Browser ChIP-seq database. (D) Prediction of E3 ubiquitin
ligase targeting GTF2B in UbiBrowser 2.0. (E) Protein expression level of RBX1 in normal brain tissue and
GBM from UALCAN. (F) Multiple ubiquitination modification sites of GTF2B protein from UbiBrowser 2.0.
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Fig. 5. The results of the signal conduction analysis of the RBX1/GTF2B/LIPT1 axis. (A) Protein expression of
RBX1, GTF2B and LIPT1 in astrocyte HA1800 and GBM cell lines detected by WB (n=3, two-way ANOVA).
(B) Impact of RBX1 overexpression or GTF2B knockdown on RBX1 and GTE2B protein expression in GBM
cells assessed by WB (n=3, two-way ANOVA). (C) Effects of RBX1 overexpression or GTF2B knockdown

on LIPT1 mRNA expression in GBM cells analyzed by RT-qPCR (n =3, two-way ANOVA). (D) Effects of
RBX1 overexpression or GTF2B knockdown on LIPT1 mRNA expression in GBM cells analyzed by WB

(n=3, two-way ANOVA). (E) In vitro ubiquitination assay to study RBX1-mediated ubiquitination of GTF2B
protein (n=3). (F) Enrichment of GTF2B on the LIPT1 promoter affected by RBX1 overexpression or GTF2B
knockdown assessed by ChIP-qPCR (n =3, two-way ANOVA). *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001.

(CRGs) in glioblastoma multiform. Our research revealed that, despite the elevated expression of the predicted
LIPT1 in cancer tissues compared to normal tissues, only LIPT1 with high expression has notable prognostic
value. Specifically, in GBM patients, high LIPT1 expression is associated with a significant improvement in
recurrence-free survival (RFS) and a certain degree of increase in overall survival. The study found that in
patients with low-grade gliomas, LIPT1 expression is also elevated in tumor tissues®. In melanoma, LIPT1
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expression significantly correlates with the infiltration of various immune cells and patient prognosis*’. A pan-
cancer analysis also revealed that abnormal LIPT1 expression is associated with the infiltration of immune cells,
including B cells, CD8 + T cells, and cancer-associated fibroblasts*. This study also found that the expression of
LIPT1 is positively correlated with the infiltration of CD8 + T cells. Therefore, we propose that the upregulation
of LIPT1 expression in GBM may represent a self-defense mechanism of the body against GBM, specifically by
enhancing the level of cellular cuproptosis, and mediating the infiltration of immune cells, thereby inhibiting
GBM progression.

Utilizing the MTT assay, we discovered that by downregulating LIPT1 expression, we could significantly
decrease the cuproptosis sensitivity of GBM cells, thereby enhancing cell viability. To further investigate this,
we conducted clonogenic and Transwell invasion assays. These assays allowed us to examine the clonogenicity,
migration, and invasion capabilities of GBM cells following LIPT1 downregulation. We found a significant
enhancement in their malignant phenotype. Moreover, we discovered a negative correlation between the
expression of LIPT1 and PD-L1 (PD-1 ligand) within GBM. Interestingly, co-culturing GBM cells with low
LIPT1 expression and CD8 + T cells significantly reduced the release of IFN-y and the cytotoxicity of GBM cells.
Previous research has confirmed that mutations in LIPT1 can impair mitochondrial protein acylation and the
TCA cycle*l.

Research on pituitary adenomas has revealed that GTF2B can influence the tumor phenotype by modulating
the expression of AIP protein®2. In colorectal cancer research, it has been identified that the long non-coding
RNA LINCO00355 can promote the malignant phenotype of cancer cells by recruiting GTF2B to enhance ITGA2
expression®?. Utilizing the Cistrome Data Browser database we predicted and identified a binding peak of
GTF2B in the vicinity of the LIPT1 promoter. However, it remains unclear whether GTF2B participates in the
cuproptosis process of GBM cells by promoting LIPT1 transcription and the specific mechanism involved. To
investigate the upstream mechanisms initiating a LIPT1-related spontaneous anti-tumor immune response in
GBM, we downloaded genes co-expressed with LIPT1 in GBM from the UALCAN database and intersected
them with transcription factors targeting LIPT1 from the hTFtarget!® database. Among these three intersecting
factors, we identified the Transcription Factor IIB (GTF2B), whose role in GBM has not yet been reported.
Further bioinformatics predictions indicated that, similar to LIPT1, the expression level of GTF2B in GBM
is significantly higher than in normal tissues. However, patients with high GTF2B expression typically have a
higher RES.

Current research has clearly demonstrated that the regulation of protein degradation plays a pivotal role in
the initiation and progression of tumors. It has been confirmed by prior studies that pertinent post-translational
modifications could serve as potential therapeutic targets for GBM***>. Among these modifications, protein
ubiquitination, a reversible process, is particularly noteworthy46. Utilizing bioinformatics databases, we have
predicted that RBX1, an upstream E3 ubiquitin ligase of GTF2B, is of utmost significance, and its expression
in GBM is markedly reduced. Following a one-week treatment of GBM cells with temozolomide, we observed
substantial DNA damage. Our bioinformatics analysis revealed a significant association between RBX1 and
DNA damage repair, suggesting a potential connection between RBX1 and chemoresistance mechanisms in
GBM? . In this study, using in vitro cell models, we confirmed the pronounced downregulation of RBX1 in GBM
cell lines, and RBX1 can control the ubiquitination of GTF2B. The latter regulates the cuproptosis sensitivity of
GBM cells by activating the transcription of LIPT1.

Conclusions

Our finding suggest that RBX1 plays a pivotal role in mediating copper-induced cell death in GBM cells by
regulating the ubiquitin degradation of GTF2B and enhancing LIPT1 transcription (Fig. 6). This study lays the
groundwork for identifying potential therapeutic targets for GBM treatment and offers valuable insights and
directions for the integration of targeted therapy with immunotherapy in the context of GBM.
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Fig. 6. The hypothesis mechanism diagram of the study. Reducing RBX1-mediated ubiquitination degradation
of GTF2B in GBM can enhance the transcriptional activation of GTF2B on LIPT1, thereby promoting LIPT1
expression and increasing the copper death sensitivity of GBM.

Data availability
Th datasets used and/or analyzed during the current study are available from the corresponding author on rea-
sonable request.
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