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Abstract: Object: Amplification of the epidermal growth factor receptor (EGFR) and its active mutant type III (EGFR-
vIII), frequently occurr in glioblastoma (GBM), contributing to chemotherapy and radiation resistance in GBM. Eluci-
dating the underlying molecular mechanism of temozolomide (TMZ) resistance in EGFRvIII GBM could offer valuable 
insights for cancer treatment. Methods: To elucidate the molecular mechanisms underlying EGFRvIII-mediated re-
sistance to TMZ in GBM, we conducted a comprehensive analysis using Gene Expression Omnibus and The cancer 
genome atlas (TCGA) databases. Initially, we identified common significantly differentially expressed genes (DEGs) 
and prioritized those correlating significantly with patient prognosis as potential downstream targets of EGFRvIII 
and candidates for drug resistance. Additionally, we analyzed transcription factor expression changes and their 
correlation with candidate genes to elucidate transcriptional regulatory mechanisms. Using estimate method and 
databases such as Tumor IMmune Estimation Resource (TIMER) and CellMarker, we assessed immune cell infiltra-
tion in TMZ-resistant GBM and its relationship with candidate gene expression. In this study, we examined the ex-
pression differences of candidate genes in GBM cell lines following EGFRvIII intervention and in TMZ-resistant GBM 
cell lines. This preliminary investigation aimed to verify the regulatory impact of EGFRvIII on candidate targets and 
its potential involvement in TMZ resistance in GBM. Results: Notably, GTPase Activating Rap/RanGAP Domain Like 
3 (GARNL3) emerged as a key DEG associated with TMZ resistance and poor prognosis, with reduced expression 
correlating with altered immune cell profiles. Transcription factor analysis suggested Epiregulin (EREG) as a puta-
tive upstream regulator of GARNL3, linking it to EGFRvIII-mediated TMZ resistance. In vitro experiments confirmed 
EGFRvIII-mediated downregulation of GARNL3 and decreased TMZ sensitivity in GBM cell lines, further supported 
by reduced GARNL3 levels in TMZ-resistant GBM cells. Conclusion: GARNL3 downregulation in EGFRvIII-positive and 
TMZ-resistant GBM implicates its role in TMZ resistance, suggesting modulation of EREG/GARNL3 signaling as a 
potential therapeutic strategy.
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Introduction

Glioblastoma (GBM) stands out as the most 
aggressive primary brain tumor, characterized 
by its high proliferation, invasiveness, and post-
operative recurrence. Currently, the standard 
treatment for primary GBM involves postopera-
tive radiotherapy combined with temozolomide 
(TMZ) chemotherapy [1]. However, long-term 
clinical trials have demonstrated that the me- 

dian survival time for GBM patients undergoing 
standard care barely reaches 14 months [2].

Epidermal growth factor receptor (EGFR) vari-
ant III (EGFRvIII) activity mutations have been 
found in half of GBM patients [3] in previous 
high-throughput sequencing studies of primary 
GBM. EGFRvIII mutation entails the deletion of 
801 base pairs between exons 2 and 7 of the 
wild-type EGFR gene, leading to the truncation 
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Table 1. Summary of epidermal growth factor receptor mutations 
among glioblastoma patients undergoing temozolomide treatment

Technology Type TMZ resistant 
(n = 159)

TMZ sensitive 
(n = 58)

RNA-seq All 41 23
EGFR mutation 10 3
EGFR exon2-7 mutation 10 2
EGFR change in position 6-273 5 1

WES All 64 41
EGFR mutation 15 4
EGFR exon2-7 mutation 9 2
EGFR change in position 6-273 5 1

TMZ, temozolomide; EGFR, epidermal growth factor receptor; WES, Whole exome 
sequencing; RNA-seq, ribonucleic acid sequencing.

of amino acids 6 to 273 in the extracellular 
domain. Ultimately, it disrupts the dimerization 
of amino acids and their ligand binding capacity 
[4]. In the absence of ligand binding, EGFRvIII 
undergoes continuous phosphorylation, there-
by activating other signaling pathways and ulti-
mately fostering malignant cell proliferation [5].

In addition, research has indicated a positive 
correlation between EGFRvIII and the degree of 
malignancy in GBM. EGFRvIII promotes GBM 
resistance to TMZ by promoting a malignant 
phenotype of the tumor and augmenting its 
capacity to repair DNA double-strand breaks 
[6]. Unraveling the mechanism of drug resis-
tance instigated by EGFRvIII has emerged as a 
focal point in basic cancer research. Thus, the 
quest for vulnerabilities in TMZ-resistant GBM 
represents a promising avenue for enhancing 
the efficacy of TMZ treatment.

Here, we employed lentivirus library transduc-
tion to target both parental U87 cell line (U87-
MG) and U87-MG cell line with EGFRvIII (U87-
EGFRvIII). RNA abundance was assessed th- 
rough deep sequencing under TMZ-induced 
chemical stress conditions. Among the candi-
date genes, particular attention was directed 
towards GTPase Activating Rap/RanGAP Do- 
main Like 3 (GARNL3). Furthermore, we identi-
fied Epiregulin (EREG) as the upstream tran-
scription factor regulating GARNL3. Through 
gene expression analysis and survival progno-
sis assessment in GBM patients, we elucidat- 
ed pivotal role of GARNL3 in mediating TMZ 
resistance. In conclusion, our findings advocate 
for the up-regulation of GARNL3 via increased 
EREG expression as a promising therapeutic 
strategy for TMZ-resistant GBM.

data set included a total of 30 samples, which 
were divided into 10 groups, with 3 samples in 
each group. We screened EGFRvIII-positive 
U87 cells (U87OE) cultured for 7 days or 14 
days, with (U87OE_TMZ_day7, U87OE_TMZ_
day14) or without TMZ treatment (U87OE_day7, 
U87OE_day14), respectively. In addition, we 
obtained RNA-seq data of GBM tissue from The 
Cancer Genome Atlas (TCGA, https://portal.
gdc.cancer.gov/), and screened the fragments 
per kilobase of exon model per Million mapped 
fragments (FPKM) counts of transcriptome of 
GBM patients (TCGA-GBM) treated with TMZ. 
From them, we obtained a total of 64 samples, 
including 41 TMZ-resistant cases and 23 TMZ-
sensitive case (Table 1).

Acquisition of temozolomide resistance-related 
genes in EGFRvIII-positive glioblastoma

In order to obtain drug resistance-related 
genes, we first used the R package “limma 
v3.52.4” to analyze the differential expression 
of genes between TMZ-treated and untreated 
U87OE cell lines. Then, significantly differen-
tially expressed genes (DEGs) were screen- 
ed through P < 0.05 and |log2FC| >1 condi-
tions. To further identify TMZ resistance-relat-
ed DEGs, we screened EGFRvIII-positive sam-
ples from the TCGA-GBM data set and then 
obtained a total of 5 drug-resistant samples 
and 1 sensitive sample. Then the DEGs of TMZ-
resistant EGFRvIII-positive GBM were obtain- 
ed. We screened overlapping DEGs in U87OE 
cell lines and clinical GBM samples as poten- 
tial resistance genes. In addition, we also used 
the R package “GSEABase v1.58.0” to per- 
form gene enrichment analysis to clarify the 

Materials and methods

Acquisition and processing of 
EGFRvIII-positive glioblasto-
ma-associated transcriptome 
sequencing datasets

Ribonucleic Acid sequencing 
(RNA-seq) data set (GSE112- 
734) of Human GBM cell line 
U87 infected by lentivirus 
expressing EGFRvIII and tre- 
ated with TMZ were obtain- 
ed from Gene Expression 
Omnibus database (GEO, htt- 
ps://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi) [7]. This 
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key functions of drug-resistant candidate DEGs 
in U87OE cells [8].

Assessment of immune cell infiltration in 
temozolomide-resistant glioblastoma tissues

We used the R package “estimate v1.0.13” to 
calculate the ESTIMATE scores, immune scor- 
es, stromal scores, and tumor purity of 64 sam-
ples in TCGA-GBM. We used Tumor IMmune 
Estimation Resource database (TIMER, https://
cistrome.shinyapps.io/timer/) to analyze the 
infiltration of different types of immune cells, 
including T cells, B cells, macrophages, den-
dritic cells, etc. We then examined the differ-
ences in overall immune cells and infiltration of 
different immune cells between the TMZ-
resistant and sensitive groups. The pearson 
correlation between the expression of candi-
date DEGs and the proportion of key immune 
cell infiltration was examined.

Correlation between drug resistance candidate 
genes and patient prognosis

In this step, we counted the differences in over-
all survival (OS) levels at different expression 
levels of candidate DEGs, and used the R pack-
age “survival v3.5-7” to analyze the survival 
prognosis based on the Kaplan-Meier method. 
DEGs significantly related to prognosis were 
screened and regarded as key factors for TMZ 
resistance. Then, we obtained GBM-related 
driver genes from CellMarker database (http://
xteam.xbio.top/CellMarker/) and analyzed the 
Pearson correlation between the expression of 
key drug resistance factors and driver genes  
to clarify their relevance in promoting tumor 
occurrence and progression.

Transcriptional regulators of candidate genes 
associated with temozolomide resistance in 
EGFRvIII-positive glioblastoma

Gene promoter sequence-bound transcription 
factors (TFs) were retrieved from online data-
bases (Cister, AliBaba2.1, MIM-chip, and JA- 
SPAR). Then, we analyzed the Pearson correla-
tion between the expression levels of key drug 
resistance factors and these TFs. Also, the dif-
ferences in transcription level of TFs in patients 
with EGFRvIII mutation GBM with TMZ resis-
tance was analyzed.

Acquisition, culture, and processing of glio-
blastoma cells in vitro

The EGFRvIII-positive GBM cell line U87 (U87-
EGFRvIII) (Vigen, Zhanjiang, Guangdong, China) 
and its wild-type counterpart (WT, U87-MG) 
(BIOSPECIES, Guangzhou, Guangdong, China), 
as well as the TMZ-resistant GBM cell line U251 
(U251-TMZ) and its parental strain (U251-MG) 
(BIOSPECIES, Guangzhou, Guangdong, China), 
were routinely seeded in 6-well plates at a den-
sity of 1.2 × 10^6 cells and cultured in DMEM 
(BIOSPECIES, Guangzhou, Guangdong, China) 
complete medium supplemented with 10% FBS 
and 1% penicillin-streptomycin. The cells were 
maintained at 37°C with 5% CO2. Cell lines 
were cultured until reaching the logarithmic 
growth phase, after which they were treated 
with DMEM containing 0, 200, and 400 μM/L 
TMZ and continuously cultured for 7 days. Each 
concentration was applied to cells in triplicate. 
Throughout this period, the culture medium 
was refreshed every 3 days with new medium 
containing the respective concentrations of 
TMZ.

Detection of drug sensitivity and cell viability

Cells were seeded at a density of 50,000 cells 
per well in 96-well plates and cultured in me- 
dia containing varying concentrations of TMZ 
(0, 1, 10, 100, 200, 400, 800, 1600, and 3200 
μM/L). After 7 days of incubation, 10 μl of Cell-
Counting-Kit-8 (CCK8) (Abbkine, Wuhan, Hubei, 
China) was added to each well, and the cells 
were further incubated for 4 h. Subsequently, 
the absorbance value at a wavelength of 450 
nm was measured using a microplate reader. 
Cell viability (%) was calculated using the for-
mula: (OD of cells in the treatment group - OD of 
blank wells)/(OD of cells in the control group - 
OD of blank wells) * 100. Additionally, the cell 
inhibition rate (%) was calculated as follows: 
(OD of the control group - OD of the administra-
tion group)/(OD of the control group - OD of the 
blank well) * 100.

Detection of target gene transcription levels

Total cellular RNA was extracted using the Trizol 
method, followed by conversion into cDNA us- 
ing a reverse transcription kit (GenStar, Beijing, 
China). The resulting cDNA was thoroughly 
mixed with specific primers for GARNL3 (For- 
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ward: 5’-AACAATCAACGTGTCCCTCAAT-3’; Re- 
verse: 5’-TTTGTCCAGATTCATGGCACTT-3’) and 
GAPDH (Forward: 5’-GGAGCGAGATCCCTCCA- 
AAAT-3’; Reverse: 5’-GGCTGTTGTCATACTTCT- 
CATGG-3’), along with qPCR reagents (Gen- 
Star, Beijing, China), and subjected to amplifi- 
cation in a qPCR instrument. Fluorescence val-
ues were monitored during amplification to 
determine the amplification threshold (Cq). The 
mRNA level of GARNL3 relative to GAPDH was 
calculated using the formula 2^(-ΔΔCq).

Statistical analysis

The results of cell experiments were analyzed 
using GraphPad Prism 10 (GraphPad Software, 
San Diego, CA, USA). Data were assessed for 
normal distribution and are presented as mean 
± standard deviation. In the CCK8 detection, 
the IC50 value was obtained using the nonlin-
ear fitting curve method. Differences between 
groups were assessed using Student’s t-test. 
For bioinformatics analysis, statistical analysis 
and visualization were conducted using R soft-
ware (version 4.1.0). Gene differential expres-
sion was assessed using a generalized linear 
model with a likelihood ratio test. Differences 
in immune infiltration scores, Pearson correla-
tion coefficient (r) values, and overall survival 
(OS) between groups were determined using 
the Wilcoxon rank sum test. The Benjamini & 
Hochberg (False discovery rate, FDR) method 

was employed to correct the p-values. Results 
with P < 0.05 were considered statistically 
significant.

Results

EGFR mutations in temozolomide-resistant 
glioblastoma

In the TCGA database, clinical data from 217 
GBM patients treated with TMZ were collected. 
Among them, RNA-seq data were available for 
64 cases, while gene mutation information was 
obtained for 105 cases (Table 1). Among GBM 
patients with genetic mutations, TP53 was fo- 
und to be predominant in those who responded 
to TMZ (0.518%, Figure 1A), whereas EGFR 
mutation frequency was highest among TMZ-
resistant GBM patients (0.649%, Figure 1B), 
suggesting a potential association between 
EGFR mutations and TMZ resistance in GBM 
patients.

Further statistical analysis was performed on 
the EGFR mutation types of GBM patients. We 
analyzed EGFR mutation data from 19 GBM 
patients (Figure 2A) and observed that mis-
sense mutations constituted the primary vari-
ant classification (85.19%, Figure 2B), with 
single nucleotide polymorphisms (SNPs) being 
the predominant variant type (88.89%, Figure 
2C). The most frequent mutation involved a 

Figure 1. The distribution of gene mutations among glioblastoma (GBM, n = 105) patients undergoing temozolo-
mide (TMZ) treatment, with a total mutation frequency of 5668. A, B. Top 10 of genes ranked by mutation frequency 
are depicted for TMZ-sensitive (n = 2125) and resistant (n = 3543) GBM patients, respectively. TMZ-resistant pa-
tients exhibit a notably higher frequency of epidermal growth factor receptor (EGFR) mutations, accounting for 
0.64% (23/3543) of cases. MUC16, mucin 16; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; PTEN, phosphatase and tensin homolog; 
TP53, tumor protein p53; TTN, titin; USH2A, usher syndrome type-2A protein; HMCN1, hemicentin-1; IDH1, isoci-
trate dehydrogenase 1; LRP2, low-density lipoprotein receptor-related protein 2; FLG, filaggrin; MUC17, mucin 17; 
RYR2, ryanodine receptor 2; SPTA1, spectrin alpha, erythrocytic 1; AHNAK2, AHNAK nucleoprotein 2.
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Figure 2. Distribution of epidermal growth factor receptor (EGFR) mutation types in glioblastoma (GBM) patients. A. 
Data distribution of 271 GBM patients treated with temozolomide (TMZ), among whom 19 patients exhibited EGFR 
mutations, with transcriptome sequencing data available for 64 patients; B. Variant classifications of EGFR muta-
tions in GBM patients treated with TMZ (with a total mutation frequency of 27), among which missense mutations 
are accounted for the highest frequency at 85.19% (23/27); C. Variant types of EGFR mutations with predominantly 
single nucleotide polymorphisms (SNPs) at 88.89% (24/27); D. Single nucleotide base mutations of EGFR, with C>T 
mutations comprising the majority at 41.67% (10/24), followed by G>A mutations at 37.50% (9/24); E. Mutation 
frequencies of different exons of EGFR, where exon 7 is accounted for the highest frequency at 40.74% (11/27); 
F. Amino acid changes following EGFR mutations, with amino acid 289 exhibiting the most prevalent change at 
25.93% (7/27). withRNAseq, glioblastoma tissues tested with ribonucleic acid sequencing; with TMZ, glioblastoma 
patients treated with temozolomide; EGFR_mut, glioblastoma patients with EGFR mutation; In_Frame_Del, bases 
deletion mutations in reading frame; In_Frame_Ins, bases insertion mutations in reading frame; DEL, deletion 
mutation; DNP, double nucleotide polymorphism; INS, insertion mutation; C, cytosine; G, guanine; T, thymine; A, 
adenine.

Table 2. Overview of epidermal growth factor receptor mutation patterns in epidermal growth factor 
receptor variant III-positive glioblastoma patients
Tumor_Sam-
ple_Barcode

Variant_ 
Classification

Variant_
Type HGVS.c HGVS.p HGVS.p_

Short
Protein_
position Codons Exon TMZ  

resistance
TCGA-06-2563 Missense_Mutation SNP C>T p.Arg252Cys p.R252C 252 Cgc/Tgc 7 Yes
TCGA-12-3652 Missense_Mutation SNP G>C p.Arg252Pro p.R252P 252 cGc/cCc 7 No
TCGA-27-2528 Missense_Mutation SNP C>T p.Arg222Cys p.R222C 222 Cgc/Tgc 6 No
TCGA-06-2561 Missense_Mutation SNP C>T p.Arg149Trp p.R149W 149 Cgg/Tgg 4 No
TCGA-06-2565 Missense_Mutation SNP G>A p.Arg108Lys p.R108K 108 aGa/aAa 3 No
TCGA-27-1831 Missense_Mutation SNP G>A p.Arg108Lys p.R108K 108 aGa/aAa 3 No
HGVS.c, human genome variation society complementary deoxyribonucleic acid; HGVS.p, human genome variation society protein; SNP, single 
nucleotide polymorphism; C, cytosine; G, guanine; T, thymine; A, adenine; TMZ, temozolomide.

C-to-T base change (41.67%), followed by a 
G-to-A base change (37.50%, Figure 2D). 
Additionally, EGFR mutations in GBM mainly 
occurred in exons 2-7 (55.56%, Figure 2E) and 
at amino acid positions 108-273 (22.22%)  
and 289 (25.93%, Figure 2F), corresponding to 

EGFRvIII (Table 2). Compared to TMZ-sensitive 
patients, the variety of EGFR mutations in the 
resistant group increased, particularly in terms 
of amino acid mutations in exons 2-7 and 
6-273, which rose to 48.15% (vs. 7.41%) and 
18.52% (vs. 3.70%, Figure 3), respectively.
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Figure 3. Frequency changes of different epidermal growth factor receptor (EGFR) mutation types in patients with 
temozolomide (TMZ)-resistant glioblastoma (GBM). (A-E) Proportions of variant classifications (A), variant types (B), 
single nucleotide polymorphisms (C), exon mutations (D), and amino acid mutations (E) frequencies of EGFR in 
TMZ-resistant or sensitive GBM samples. Compared to the TMZ-sensitive group, TMZ-resistant samples exhibit an 
increased diversity of EGFR mutation types, as well as elevated frequencies of mutations in exons 2-7 (48.15% vs. 
7.41%) and amino acid positions 6-273 (18.52% vs. 3.70%). In_Frame_Del, bases deletion mutations in reading 
frame; In_Frame_Ins, bases insertion mutations in reading frame; DEL, deletion mutation; DNP, double nucleotide 
polymorphism; INS, insertion mutation; SNP, single nucleotide polymorphisms; C, cytosine; G, guanine; T, thymine; 
A, adenine; Response, glioblastoma patients responding to temozolomide treatment; No_response, glioblastoma 
patients have no or weak response to temozolomide treatment.

Transcriptome sequencing data screened EG-
FRvIII GBM drug resistance candidate genes 
to TMZ

Comparative analysis revealed 2303 (Figure 
4A) and 1619 (Figure 4B) DEGs in U87OE cells 
following 7 and 14 days of TMZ treatment re- 
spectively, compared to the untreated group. 
Functionally, these candidate genes were pre-
dominantly enriched in focal adhesion, cyto-
kine receptor interaction, Extracellular Matrix 
(ECM) receptor interaction, p53 signaling path-
way, and so on (Figure 5). Previous studies 
have underscored the critical role of focal adhe-
sion in conferring chemoresistance in various 
cancers [9]. Additionally, research by Y Rajesh 
et al. indicated that ECM remodeling in TMZ-
resistant GBM cells [10], suggesting that ex- 
ploring ECM-related pathway genes could be a 
promising therapeutic avenue for combating 
GBM with TMZ resistance. The degree of altera-
tion in the p53 signaling pathway has been 

closely associated with efficacy of TMZ in treat-
ing GBM [11], further substantiating the rele-
vance of these findings in identifying candidate 
genes associated with TMZ resistance.

In addition, to validate these candidate genes 
further, we conducted an analysis on an exter-
nal data set (TCGA-GBM) where we compared 
434 dysregulated genes (Figure 4C). These 
genes exhibited significant expression differ-
ences between TMZ non-responsive and TMZ-
sensitive patients. Among them, 18 candidate 
genes displayed consistent expression pat-
terns indicative of anti-TMZ drug properties 
(Figure 4D, 4E).

GARNL3 prolonged the median survival of 
GBM patients treated with TMZ

Survival analysis conducted at 1 year, 3 years, 
and OS intervals for the 18 resistant candidate 
genes revealed that only GARNL3 gene expres-
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Figure 4. Difference in transcriptome expression among temozolomide (TMZ)-resistant epidermal growth factor 
receptor variant III (EGFRvIII)-positive glioblastoma (GBM). (A, B) Differential gene expression in EGFRvIII-positive 
U87 cells (U87OE) following 7-day (A) or 14-day (B) treatment with TMZ in GSE112734 data set; (C) Differential gene 
expression between EGFRvIII-positive GBM tissue experiencing relapse following TMZ treatment and the group that 
responds to TMZ treatment, as observed in The Cancer Genome Atlas Program (TCGA) database; (D) Overlapping 
distribution of significant differentially expressed genes (DEGs) between GSE112734 gene set and TCGA-GBM data 
set; (E) Expression difference fold of 50 common DEGs in GSE112734 and TCGA-GBM datasets. Red dots in the 
volcano map represent significantly up-regulated DEGs fold multiples and significant P-value distributions (P < 0.05 
and log2FC >1), blue dots indicate significantly down-regulated DEGs distribution (P < and log2FC < -1), and gray 
dots indicate no DEGs distribution (P>0.05, or P < 0.05 and |log2FC| < 1). U87OE_TMZ_day7/U87OE_TMZ_day14, 
EGFRvIII-positive U87 cell line treated with temozolomide for 7 or 14 days; U87OE_day7/U87OE_day14, EGFRvIII-
positive U87 cell line conventional cultured for 7 or 14 days; TMZ_response, EGFRvIII-positive glioblastoma patients 
responding to temozolomide; TMZ_noresponse, EGFRvIII-positive glioblastoma patients have no or weak response 
to temozolomide.

Figure 5. Gene set expression analysis (GSEA) pathway analysis of common significantly differentially expressed 
genes (DEGs). (A) GSEA pathway analysis of drug-resistant candidate DEG after temozolomide treatment for 7 (A) or 
14 (B) days. NES, normalization Enrichment score. The higher the |NES| value, the more active the change degree 
of the pathway, with positive values representing activation and negative values representing inhibition.

sion levels exhibited significant differences in 
OS (P < 0.05, Figure 6A). Conversely, the 

expression of the remaining 17 resistant can- 
didate genes showed no significant impact on 
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Table 3. Correlation analysis between GTPase activating rap/ranGAP domain like 3 expression level 
and survival prognosis of patients

GARNL3
1-year OS 3-year OS 5-year OS OS

Number Mean ± SD p Number Mean ± SD p Number Number Mean ± SD p
High level 17 2.07±1.09 0.001556 3 3.95±0.56 / 0 37 1.29±1.04 0.002926
Low level 14 1.38±0.47 0 / 0 27 1.02±0.53
GARNL3, GTPase activating rap/ranGAP domain like 3; OS, overall survival (year); SD, standard deviation.

Figure 6. Results of survival analysis of 18 resistant genes. A. Overall survival (OS, year) difference results between 
samples with high and low expression of drug-resistant genes. Log-rank test shows the significance of OS values 
in samples with different expression levels; B. Kaplan-Meier survival curves of high and low expression levels of 
GTPase activating rap/ranGAP domain like 3 (GARNL3) gene, and differences between them are tested (*P < 0.05 
compared with low level of GARNL3). DEGs, significantly differentially expressed genes.

the prognosis of patients (Supplementary Table 
1; Supplementary Figure 1). In GBM patients 
treated with TMZ, lower GARNL3 expression 
levels correlated with shorter average survival 
of patients (Supplementary Table 2). It indicat-
ed heightened mortality of patients (Figure 6B). 
These results suggested a potential role for 
GARNL3 in mediating mechanisms of TMZ 
resistance. Thus, the effect of clinical chemo-
therapy may be greatly reduced. In shorter sur-
vival periods such as 1 or 3 years, UCN2 also 
significantly impacted the survival prognosis of 
patients (Supplementary Table 1), with lower 
gene expression levels correlating with reduc- 
ed mean survival of patients (Supplementary 
Table 2).

We also observed a sharp decline in survival 
rates among patients with low GARNL3 expres-
sion at approximately 15 months post-treat-
ment, with subsequent long-term survival rates 
approaching 100% (Figure 6B). This suggested 
that following TMZ treatment, low GARNL3 
expression potentially contributed to short-
term overall survival in GBM patients treated 

with TMZ (GBM-TMZ) but not to long-term over-
all survival (Table 3; Figure 6B). Compared to 
the low GARNL3 expression group (1-year OS: 
14/31, 1.38±0.47; 3-year OS: 0/3), the high 
GARNL3 expression group exhibited higher 
1-year (17/31, 2.07±1.09) and 3-year (3/3, 
3.95±0.56) OS rates (Table 3). To facilitate 
smooth follow-up experiments, we also asse- 
ssed expression of GARNL3 in GBM cells fol-
lowing 7 and 14 days of TMZ treatment. It was 
found that after 7 days of TMZ treatment, the 
downregulation trend of GARNL3 was not sig-
nificant compared to untreated conditions 
(Supplementary Table 3). Therefore, we be- 
lieved that U87OE treated with TMZ for 14 days 
may offer a more effective model for replicating 
TMZ resistance in EGFRvIII mutant GBM.

Correlation between TMZ resistance and 
tumor-infiltrated immune cells

The relationship between TMZ resistance and 
the immune environment in the tumor microen-
vironment was further discussed. We found 
that only immune scores were significantly 

http://www.ajtr.org/files/ajtr0155370suppltab3.xlsx
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Figure 7. Difference of immunoinfiltration between temozolomide (TMZ)-sensitive and resistant glioblastoma (GBM). 
A. Total immune score of GBM tissues are evaluated based on the estimate algorithms and tested by Wilcox method; 
B. Differences in infiltration fractions of different immune cells in GBM samples with high GTPase activating rap/
ranGAP domain like (GARNL3) expression compared with the low-level of GARNL group (*P < 0.05, **P < 0.01 com-
pared control group). no_response, glioblastoma patients have no or weak response to temozolomide; response, 
glioblastoma patients response to temozolomide.

associated with TMZ resistance in GBM pa- 
tients (Figure 7A). However, the mechanism 
underlying this resistance suggested that the 
tumor microenvironment mediated immune 
escape of tumor cells, enabling tumor cells to 
resist chemotherapy-induced apoptosis [12]. 
Therefore, further analysis was the warranted 
to elucidate the mechanism linking immune 
infiltration and TMZ resistance.

To investigate the correlation between GARNL3 
expression and immune infiltration, we com-

pared the differences in immune cell infiltration 
in GBM-TMZ samples. Here, the relative infiltra-
tion proportion of memory CD4+ T cells and 
common lymphoid progenitor cells significan- 
tly increased, while NK-T cells significantly 
decreased (Figure 7B) in the low GARNL3 ex- 
pression group. These results suggested that 
decreased GARNL3 expression may contribute 
to increased immune cell infiltration. Addi- 
tionally, the downregulation of NK-T cells asso-
ciated with low GARNL3 expression in the 
tumor microenvironment, cells known for their 
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Figure 8. Pearson correlation of expression level between GTPase activat-
ing rap/ranGAP domain like 3 and 21 immune checkpoint-related genes. 
P < 0.05 indicates that there is a significant correlation between the two 
gene expression levels.

tumor-killing mechanisms [13], may compro-
mise the anti-tumor response, potentially pro-
moting tumor escape. We also observed signifi-
cant downregulation of GNLY in TMZ-sensitive 
patients, indicating its potential role as a  
key marker gene for NK T cell-mediated GBM 
tumor escape (Supplementary Figure 2). In 
addition, survival analysis of NK T cell marker 
genes revealed no significant effect on survival 
of GBM-TMZ patients (Supplementary Figure 
3).

Moreover, immune checkpoint-related genes 
played a crucial role in immune evasion [14]. 
Thus, we explored the correlation between 
GARNL3 expression and immune checkpoint-
related genes, including 21 genes [15] (Supp- 

lementary Table 4). Our analysis revealed that 
GARNL3 expression was negatively associated 
with IDO1 (R = -0.37, P = 0.0029), CD40 (R = 
-0.25, P = 0.042) and CD276 (R = -0.32,  
P = 0.011). These immune checkpoint-related 
genes were negatively correlated with statisti-
cal significance (Figure 8). IDO1 has emerged 
as a promising immune target for treatment of 
GBM owing to its high expression level and 
effective immunosuppressive activity [16]. As 
co-stimulative molecules, CD40 and CD276 
served as co-stimulatory molecules that can 
impeded T cell infiltration. These results indi-
cated that decreased GARNL3 expression may 
participate in the formation of the tumor im- 
munosuppressive microenvironment, potential-
ly resulting in TMZ resistance.
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Figure 9. Acquisition of transcription factors (TFs) associated with GTPase activating rap/ranGAP domain like 3 
(GARNL3) expression in temozolomide (TMZ)-resistant glioblastoma (GBM). A. Overlap between 275 TFs and sig-
nificantly differentially expressed genes (DEGs) in epidermal growth factor receptor variant III (EGFRvIII)-positive 
U87cell line (U87OE) cultured without/with TMZ for 14 days (U87OE_day14/U87OE_TMZ_day14), indicating 30 of 
275 TFs are significantly differentially expressed; B. Expression levels of 30 TFs in U87OE cell line; C. Differential 
expression folds of 30 TFs between U87OE_TMZ_day14 and U87OE_day14 groups; D. Pearson correlation analysis 
results between GARNL3, epidermal growth factor receptor (EGFR) and 30 TFs; E. Differential genes distribution be-
tween U87 cell line with or without EGFRvIII expression after treating with TMZ for 14 days (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001). TMZ_14, significantly differentially expressed genes in EGFRvIII-positive U87 cell 
line treated with/without temozolomide for 14 days.

GARNL3 was regulated by transcription factor 
EREG during TMZ resistance in EGFRvIII GBM 
patients

We obtained 275 TFs bound to the GARNL3 
promoter region. Among these, 30 TFs exhibit-
ed significant differential expression follow- 
ing 14 days of TMZ treatment (Figure 9A-C). 
Pearson correlation analysis revealed a signifi-
cant positive correlation between GARNL3, 
EGFR and the expression levels of these 30 TFs 
(such as EREG, NF1, AR, etc.), while a signifi-
cant negative correlation was observed with 
the transcription levels of E2F1, IL6, EHF, etc. 
(Figure 9D). It was suggested that these TFs 
may regulated the role of GARNL3 in EGFRvIII-
positive GBM resistant to TMZ.

Further investigation into the correlation bet- 
ween EGFRvIII mutation and EGFR expression 
levels involved comparing the expression of 
these 30 TFs after 14 days of TMZ treatment. 
The results showed that only 2 genes (EREG: 
logFC = -1.19, P < 0.001; EHF: logFC = -1.06, P 
< 0.001) were significantly underexpressed in 
the TMZ-treated U87-EGRFVIII cell line at 14 
days (Figure 9E).

In addition, we found that the expression of 
EHF increased after 14 days of TMZ treatment. 
This result was contrary to the previous expres-
sion trend. Thus, we focused on EREG. In sum-
mary, it can be concluded that EGFRvIII muta-
tion may lead to the decrease of EREG. This 
would reduce the GARNL3 transcription level. 
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Figure 10. Effects of epidermal growth factor receptor variant III (EGFRvIII) on temozolomide (TMZ) sensitivity and 
GTPase activating rap/ranGAP domain like 3 (GARNL3) transcript levels in glioblastoma (GBM). (A, B) Half inhibitory 
concentration (IC50) of TMZ for U87 cell line expressing EGFRvIII (U87-EGFRvIII, A) and its wild type (U87-MG, B); 
(C, D) Changes in cell viability (C) and GARNL3 transcript levels (D) of U87-EGFRvIII cell line after intervention with 
different concentrations (0, 200, 400 and 800 μM/L) of TMZ (ns P>0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001).

Finally, it played a role in promoting TMZ resis-
tance. Importantly, these results are not con- 
ducive to the clinical benefit of patients. 
Additionally, differences in immunohistochem-
istry staining between tumor samples and nor-
mal cerebral cortex were observed in the 
Human Protein Atlas (HPA, https://www.pro-
teinatlas.org/) database. The results showed 
that in GBM samples, the translation expres-
sion level of GARNL3 was down-regulated in 
GBM samples and negatively correlated with 
disease status [17].

Significantly low expression of GARNL3 in 
EGFRvIII-positive glioblastoma

Subsequently, we conducted in vitro experi-
ments using U87 cell lines to elucidate the 

association between GARNL3 expression and 
TMZ resistance in GBM. Initially, our tests 
revealed a significantly higher IC50 value for 
U87-EGFRvIII cells (809.9 μM, Figure 10A) 
when exposed to TMZ compared to the wild-
type (WT) cell line (U87-MG group, 168.0 μM, 
Figure 10B), showing a 4.8-fold increase in 
TMZ-resistant GBM. Following interventions 
with varying concentrations of TMZ, the viabi- 
lity of both U87-EGFRvIII and U87-MG cells 
markedly decreased compared to pre-inter- 
vention levels (P < 0.01 or 0.001, Figure 10C). 
However, even after TMZ treatment, the viabili-
ty of U87-EGFRvIII cells remained significantly 
higher than that of the U87-MG drug interven-
tion group (P < 0.01, Figure 10C), suggesting a 
potential role of EGFRvIII in promoting TMZ 
resistance in GBM.
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Table 4. Expression level of GTPase activating rap/ranGAP domain like 3 in glioblastoma cell after 
intervention with temozolomide (compared to the cell line without treatment)
Temozolomide concentration 0 μM/L 200 μM/L 400 μM/L
U87-MG 1.008±0.156 7.906±1.558** 12.842±6.676*
U87-EGFRvIII 1.123±0.699 17.022±3.95** 28.519±9.597**
*, ** indicate P < 0.01 or 0.001 compared with GBM cell lines treated without temozolomide (0 μM/L group). U87-MG, up-
psala 87 malignant glioma; U87-EGFRvIII, U87-MG with epidermal growth factor receptor variant III.

Concurrently, we observed a substantial de- 
crease in GARNL3 expression levels in the U87-
EGFRvIII cell line compared to the U87-MG cell 
line (P < 0.01, Figure 10D). Moreover, following 
TMZ administration (200 and 400 μM), the 
GARNL3 levels in the U87-EGFRvIII cell line 
remained significantly lower compared to the 
U87-MG cell line (P < 0.01 or 0.001, Figure 
10D), indicating involvement of EGFRvIII in the 
downregulation of GARNL3 in GBM. Addition- 
ally, GARNL3 expression in both U87-EGFRvIII 
and U87-MG cell lines significantly increased 
after TMZ treatment (200, 400 μM) compared 
to pre-treatment levels (0 μM) (P < 0.05 or 
0.01, Table 4). When considered alongside the 
cell viability test results depicted in Figure 10, 
these findings further suggested a potential 
role of GARNL3 expression in enhancing the 
inhibitory effect of TMZ on GBM cell viability.

Significantly low expression of GARNL3 in 
temozolomide-resistant glioblastoma

Additionally, we investigated the role of GARNL3 
in U251 cells treated with TMZ. The CCK8 as- 
say revealed a markedly elevated IC50 for TMZ-
resistant U251-TMZ cells compared to U251-
MG cells, indicating a 47.75-fold increase 
(590.2 μM/12.36 μM, Figure 11A, 11B). This 
confirmed the establishment of a TMZ-resi- 
stant GBM cell line (U251-TMZ). Notably, after 
exposure to TMZ concentrations ranging from  
1 to 1800 μM/L, the cell viability of U251-MG 
cells was consistently lower than that of U251-
TMZ cells (P < 0.05, 0.001, or 0.0001, Figure 
11C), highlighting the suppressive effect of 
TMZ on U251-MG cells compared to the TMZ-
resistant U251-TMZ cells.

Furthermore, when U251-TMZ cells were co-
cultured with GARNL3-expressing U251-MG 
cells after TMZ treatment (200 μM or 400 μM), 
a significant difference in cell viability was 
observed (P < 0.001, Figure 11D). This indicat-
ed a contrasting effect between GARNL3 ex- 

pression and TMZ-mediated suppression of cell 
viability. Collectively, these findings corroborat-
ed the lack of involvement of GARNL3 in pro-
moting GBM and TMZ resistance.

Discussion

Currently, TMZ is the most commonly used and 
effective drug for treating GBM. TMZ adminis-
tration alone can improve the median survival 
of GBM patients by 8 months [18]. However, 
almost all patients eventually develop resis-
tance. There was growing evidence that other 
proteins mediated tumor resistance to TMZ.  
In this study, we performed transcriptome 
screening on TMZ-treated EGFRvIII type GBM 
cells. Our’s results determined that low GARN- 
L3 expression was associated with promoting 
TMZ resistance in EGFRvIII type GBM cells. 
More importantly, GARNL3 was significantly 
lowly expressed in U87OE_TMZ_day14 with 
TMZ resistance. Our findings indicated that 
TMZ treatment with U87OE_14 d was more 
effective in replicating the EGFRvIII mutant 
GBM TMZ resistance model.

To determine whether GARNL3 had a signifi-
cant impact on the prognosis of patients, we 
performed survival analysis on multiple candi-
date genes. We found no significant difference 
between the expression of other genes except 
GARNL3. It was possible that these genes were 
not closely related to the survival prognosis  
of GBM patients after TMZ treatment. It was 
found that the low expression of GARNL3 may 
contribute to the short-term overall survival of 
the patients themselves but not to the long-
term overall survival. The mean survival time of 
3 years was significantly lower than 1 year. 
Therefore, GARNL3 can be used as a predictor 
of poor prognosis in patients. Also, it would be 
a key target for TMZ resistance in GBM pa- 
tients. The function and structure of GARNL 
remain understudied, but current understand-
ing suggests its role as a GTPase activating  
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protein (GAP), facilitating the conversion of GTP 
to GDP. Consequently, low GARNL3 expression 
may lead to the accumulation of GTP, activating 
downstream signaling cascades implicated in 
tumor development and drug resistance [19]. 
Although the understanding of GARNL3 is lim-
ited, our analysis underscores its significance 
in predicting tumor patient prognosis and impli-
cates it as a gene worthy of further exploration 
for its potential therapeutic implications.

Chemotherapy resistance in GBM, often en- 
countered with TMZ treatment, underscores 
the pivotal role of the tumor microenvironment 
in modulating tumor cell responses to che- 
motherapy. Previous studies have highlighted 
TMZ’s potential to induce immune escape in 
GBM cells [20], suggesting its influence on the 

tumor immune microenvironment and immune 
checkpoint expression. To investigate this hy- 
pothesis, we analyzed the relationship between 
the expression of GARNL3, various immune cell 
infiltration, and 21 immune checkpoints. In the 
low GARNL3 expression group, the infiltration 
of NK T cells was significantly decreased, while 
the lymphoid precursor cells and CD4+ T cells 
were significantly increased. Previous studies 
had shown that GBM patients receiving TMZ 
standard chemoradiotherapy could induce sig-
nificant, sustained activation of NK cells. The 
increase in NK cell response was significantly 
correlated with the prolongation of patient sur-
vival. However, CD4+ cells failed to produce a 
memory state after TMZ administration [21]. 
Therefore, we believed that the sensitivity of 
GBM patients to TMZ may be related to the low-

Figure 11. Expression changes of GTPase activating rap/ranGAP domain like 3 (GARNL3) in temozolomide (TMZ)-
resistant glioblastoma (GBM). (A, B) Half inhibitory concentration (IC50) of TMZ for TMZ-resistant U251 cell strain 
(U251-TMZ, A) and its parent strain (U251-MG, B); (C) Changes in cell viability of U251-TMZ cell line after interven-
tion with 0, 1, 10, 100, 200, 400, 800, 1600, 3200 μM/L TMZ; (D) Changes in GARNL3 expression levels of U251 
drug-resistant cell lines after intervention with 0, 200 and 400 μM/L TMZ (ns P>0.05, *P < 0.05, ***P < 0.001, 
****P < 0.0001).
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level infiltration of NK T cells, but not T cells. NK 
cells can spontaneously kill tumor cells by rec-
ognizing different ligands through a variety of 
activating receptors. In the study by Murakami 
et al., EGFRvIII-positive GBM cell lines were 
constructed and co-cultured with NK cell [22] 
for evaluating the anti-tumor effect of NK cell 
line in vitro. The findings indicated that this NK 
cell line effectively suppressed the growth of 
human GBM cells expressing EGFRvIII, includ-
ing the U87MG cell line. These results suggest 
a negative correlation between higher NK cell 
activity and the aggressiveness of EGFRvIII-
positive GBM cells. In addition, our analysis 
revealed a positive correlation between ex- 
pression of GARNL3 and the infiltration level of 
NK cells. Therefore, it can be inferred that in 
EGFRvIII GBM patients exhibiting low GARNL3 
expression, NK T cells may play a pivotal role in 
mediating communication between GBM cells 
and the tumor microenvironment.

To further demonstrate the key role of immune 
escape in GBM cells under TMZ treatment, we 
analyzed the correlation between GARNL3 and 
immune checkpoint genes. We found that 
GARNL3 was negatively correlated with the 
expression of IDO1, CD40, and CD276. Their 
high expression levels were all associated with 
poor prognosis in GBM patients [23, 24]. This 
finding is consistent with our current data. 
IDO1, an interferon-induced tryptophan cata-
bolic enzyme, promotes immunosuppression  
in cancer by modulating T-cell-mediated inhibi-
tion of cytolytic CD8 effector T cells [25]. In 
anti-tumor immune response, increased IDO1 
expression can induce baseline immunosup-
pression of monocytes via GBM extracellular 
vesicles [26]. CD40, a member of the TNF re- 
ceptor family, acts as a co-stimulatory protein 
that plays a key role in the pro-inflammatory 
immune activation of antigen-presenting cells 
such as dendritic cells in cancer [27]. Previous 
studies have shown that CD40 stimulates the 
activation of tumor-associated T cells, inhibit-
ing tumor progression in melanoma, lympho-
ma, and pancreatic cancer [28]. The study of 
Yang et al. [23] demonstrated that promoting 
CD40 therapy maximizes the activation of anti-
tumor immunity, suggesting that CD40 therapy 
can reprogram the tumor microenvironment 
and enhance the therapeutic effect of GBM. 
CD276, an immune checkpoint molecule be- 
longing to the CD28 family, plays a pivotal role 

in inhibiting T-cells in GBM. CD276 expression 
may vary in different subtypes of GBM such as 
IDH mutant GBM [29], H3 mutant GBM [30], 
suggesting its potential influence on biological 
behaviors, clinical features, and prognoses. 
Low GARNL3 expression predicts poor progno-
sis in GBM patients treated with TMZ, while 
high GARNL3 expression prolongs median sur-
vival and enhances the TMZ sensitivity. De- 
pletion of GARNL3 in TMZ-sensitive GBM cells 
may effectively inhibit the expressions of IDO1, 
CD40, and CD276, thus enhancing the immune 
escape of tumor. These results suggest that 
these immune checkpoints may play a key role 
in inhibiting ability of GARNL3 in GBM patients 
after TMZ attack.

Of particular significance, EREG emerged as  
a pivotal transcription factor upstream of 
GARNL3 at both the protein and mRNA levels, 
potentially playing a crucial role in inducing 
TMZ resistance mediated by GARNL3. Initially 
expressed in a transmembrane form, EREG 
binds to EGFR, initiating downstream signaling 
cascade and playing essential roles in physio-
logical stress, inflammation, and angiogenesis 
regulation. Normally, EREG is expressed at low 
levels in healthy tissues, but its upregulation 
can activate EGFR, promoting tumor progres-
sion, as observed in various malignancies 
including bladder cancer, brain cancer and 
breast cancer. Paradoxically, low EREG expres-
sion combined with gene mutations has been 
associated with tumor drug resistance and 
poor prognosis [31]. Our results showed that 
EREG was significantly underexpressed in TMZ-
resistant EGFRvIII-positive GBM. In colorectal 
cancer (CRC), low EREG expression in macro-
phages coupled with RAS gene mutation was 
shown to promote resistance to EGFR-tyrosine 
kinase inhibitor, suggesting that low EREG ex- 
pression in GBM patients with EGFRvIII muta-
tion may indicate reduced sensitivity to TMZ. 
Further TFs analysis found that EREG positively 
regulated the transcription of GARNL3. Low 
expression of GARNL3 may be the key pivotal  
in TMZ resistance in EGFRvIII GBM.

This study revealed a significant underexpres-
sion of GARNL3 in EGFRvIII GBM clinical sam-
ples unresponsive to TMZ treatment. Moreover, 
in vitro experiments demonstrated a marked 
decrease in GARNL3 expression in TMZ-re- 
sistant EGFRvIII-positive GBM cell lines, a find-
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ing significantly associated with adverse prog-
nosis in GBM patients with EGFRvIII mutation. 
These observations strongly indicate that the 
EREG/GARNL3 axis represents a critical mo- 
lecular mechanism underlying TMZ resistance 
in EGFRvIII mutant GBM. However, our study 
does have certain limitations. In our in vitro 
experiments, we did not explore the impact of 
interfering with the expression of GARNL3 and 
EREG to elucidate the regulatory relationship 
between EREG and GARNL3. Additionally,  
direct evidence confirming the role of low 
GARNL3 expression in promoting GBM resis-
tance to TMZ was lacking. Addressing these 
aspects will be part of our future research 
agenda.

Conclusion

Our study presents a novel approach leverag- 
ing transcriptome sequencing systems to deter-
mine the drivers of TMZ resistance in GBM, 
leading to the identification of promising thera-
peutic targets for GBM patients. We demon-
strated the pivotal roles of EREG and GARNL3 
in mediating TMZ resistance, particularly in 
GBM harboring EGFRvIII mutations. Augment- 
ing EREG/GARNL3 signaling largely eliminated 
EGFRvIII-associated TMZ resistance, suggest-
ing that promoting EREG/GARNL3 expression 
could be a viable strategy for developing thera-
peutics. Assessment of EREG/GARNL3 ex- 
pression levels may serve as valuable predic-
tive biomarkers for treatment response in GBM 
patients.
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Supplementary Table 1. Summary of significant p values of 18 hub genes related to the prognosis of 
glioblastoma patients treated with temozolomide
SYMBOL one year_pval OS_pval three year_pval
ATP6V0D2 0.160933401 0.622196536 0.157299207
C4orf26 0.247337567 0.851760058 NA
EXD1 0.218658879 0.41300334 0.808365156
GABRG3 0.638540089 0.135901243 NA
GARNL3 0.001555912 0.002926491 NA
GLIPR1L2 0.747965746 0.568032906 0.225252906
GRTP1 0.090406499 0.33743911 NA
HAS2 0.462551576 0.578976114 NA
HES6 0.321569458 0.054103581 0.808365156
HMGN5 0.905464561 0.56346019 0.157299207
MPHOSPH9 0.676291013 0.869573179 0.808365156
NEK6 0.789989275 0.827212263 0.808365156
NRG4 0.441646079 0.433593433 0.225252906
PADI3 0.66053993 0.054739511 NA
SATB2 0.939967904 0.750194575 0.225252906
SHC4 0.330208711 0.650418028 0.808365156
UCN2 0.021961183 0.266720608 NA
ZMYND10 0.692446629 0.646483412 0.225252906
*OS, overall survival.
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Supplementary Figure 1. Survival curves of the other 17 candidate genes.
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Supplementary Table 2. Statistical results of 1-year, 3-year and overall survival rate of glioblastoma 
patients treated with temozolomide with different expression levels of 18 key genes

symbol one year 
OS_SD

one year 
OS_mean

one year 
OS_number

three year 
OS_SD

three year 
OS_mean

three year 
OS_number

OS_
SD

OS_
mean

OS_
number

ATP6V0D2_High 1.23 2.02 12.00 0.38 4.23 2.00 1.00 1.13 33.00 
ATP6V0D2_Low 0.65 1.60 19.00 NA 3.38 1.00 0.71 1.23 31.00 
C4orf26_High 1.12 2.02 17.00 0.56 3.95 3.00 1.04 1.29 36.00 
C4orf26_Low 0.49 1.45 14.00 NA NA NA 0.56 1.03 28.00 
EXD1_High 0.81 1.70 19.00 NA 3.97 1.00 0.78 1.14 40.00 
EXD1_Low 1.11 1.86 12.00 0.80 3.94 2.00 1.01 1.23 24.00 
GABRG3_High 0.47 1.41 9.00 NA NA NA 0.48 0.97 24.00 
GABRG3_Low 1.03 1.90 22.00 0.56 3.95 3.00 1.02 1.30 40.00 
GARNL3_High 1.09 2.07 17.00 0.56 3.95 3.00 1.04 1.29 37.00 
GARNL3_Low 0.47 1.38 14.00 NA NA NA 0.53 1.02 27.00 
GLIPR1L2_High 0.89 1.74 17.00 0.42 3.67 2.00 0.85 1.13 36.00 
GLIPR1L2_Low 0.99 1.78 14.00 NA 4.50 1.00 0.90 1.23 28.00 
GRTP1_High 1.08 1.98 19.00 0.56 3.95 3.00 1.05 1.30 37.00 
GRTP1_Low 0.43 1.41 12.00 NA NA NA 0.49 1.00 27.00 
HAS2_High 1.16 1.97 16.00 0.56 3.95 3.00 1.03 1.21 36.00 
HAS2_Low 0.53 1.54 15.00 NA NA NA 0.61 1.13 28.00 
HES6_High 1.01 1.93 18.00 0.80 3.94 2.00 0.97 1.37 33.00 
HES6_Low 0.76 1.53 13.00 NA 3.97 1.00 0.70 0.97 31.00 
HMGN5_High 0.75 1.70 17.00 NA 3.38 1.00 0.76 1.15 35.00 
HMGN5_Low 1.12 1.83 14.00 0.38 4.23 2.00 0.99 1.21 29.00 
MPHOSPH9_High 0.90 1.65 14.00 NA 3.97 1.00 0.77 1.03 35.00 
MPHOSPH9_Low 0.96 1.85 17.00 0.80 3.94 2.00 0.95 1.36 29.00 
NEK6_High 0.85 1.68 15.00 NA 3.97 1.00 0.77 1.04 37.00 
NEK6_Low 1.01 1.83 16.00 0.80 3.94 2.00 0.97 1.36 27.00 
NRG4_High 1.05 1.94 10.00 0.42 3.67 2.00 0.91 1.14 26.00 
NRG4_Low 0.87 1.68 21.00 NA 4.50 1.00 0.85 1.20 38.00 
PADI3_High 0.65 1.54 7.00 NA NA NA 0.61 0.89 21.00 
PADI3_Low 0.99 1.82 24.00 0.56 3.95 3.00 0.94 1.31 43.00 
SATB2_High 0.94 1.84 17.00 0.42 3.67 2.00 0.89 1.22 35.00 
SATB2_Low 0.93 1.66 14.00 NA 4.50 1.00 0.85 1.12 29.00 
SHC4_High 0.97 1.84 10.00 NA 3.97 1.00 0.83 1.03 29.00 
SHC4_Low 0.92 1.72 21.00 0.80 3.94 2.00 0.89 1.30 35.00 
UCN2_High 1.09 2.03 19.00 0.56 3.95 3.00 1.06 1.34 37.00 
UCN2_Low 0.22 1.33 12.00 NA NA NA 0.41 0.95 27.00 
ZMYND10_High 0.94 1.85 15.00 0.42 3.67 2.00 0.90 1.19 32.00 
ZMYND10_Low 0.92 1.68 16.00 NA 4.50 1.00 0.85 1.16 32.00 
*OS, Overall survival; SD, standard deviation.
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Supplementary Figure 2. Differences in expression levels of 12 marker genes of natural killer-T cells in glioblas-
toma tissues with temozolomide (TMZ) (ns P>0.05, *P < 0.05 compared with TMZ response group). No_response, 
glioblastoma patients have no or weak response to temozolomide; Response, glioblastoma patients response to 
temozolomide.

Supplementary Figure 3. Prognosis survival curve of 12 marker genes of natural killer-T cells in glioblastoma pa-
tients.
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Supplementary Table 4. List of genes enriched in negative immune regulation function and pathways
gene function Expressed cells
BTLA It plays a negative regulatory role in the body’s anti-tumor immune response and 

is related to the immune escape mechanism of tumor
B cells, T cells, NK cells, dendritic cells and 
macrophages

CD27 It plays an important role in T cell activation, CTL differentiation and cytotoxic 
function, B cell differentiation and Ig production, and the regulation of NK cyto-
toxic activity

Adolescent T cells, memory B cells, NK cells, he-
matopoietic stem cells (HSCs) and progenitor cells

CD274 It is the key to T cell proliferation and production of IFNγ and IL-10. The interaction 
with PDCD1 can inhibit T cell proliferation and cytokine production

Activated T and B cells, dendritic cells, keratino-
cytes and monocytes

CD276 It leads to increased NF-κB activity, increased expression of VEGF and IL-8, and 
further promotes tumor-related angiogenesis and tumor invasion

Resting fibroblasts, endothelial cells, osteoblasts

CD28 It is a costimulatory molecule expressed on the surface of T cells and plays an 
important role in the activation of T cells

T cells

CD40 A surface antigen related to the function of T cells and B cells, which is essential 
for mediating a variety of immune and inflammatory reactions, including t 
cell-dependent immunoglobulin conversion, memory of b cell development and 
germinal center formation

B cells, thymic epithelial cells, activated mono-
cytes/macrophages, dendritic cells

CD70 It induces the proliferation of costimulatory t cells, promotes the production of 
cytolytic t cells, and contributes to the activation of t cells

B cells, T cells

CD80 It is involved in the activation and proliferation of costimulatory T cells, and plays 
an important role in autoimmunity, humoral immunity and transplantation rejec-
tion

Activated B cells, activated T cells, macrophages, 
peripheral blood mononuclear cells and dendritic 
cells

CD86 It is involved in the activation and proliferation of costimulatory T cells Monocytes, activated B and T cells, and endothe-
lial cells

CTLA4 Acting as an immune checkpoint and down-regulating immune response Regulatory T cells (Treg)

HAVCR2 It is a Th1-specific cell surface protein activated by macrophages, which inhibits 
Th1-mediated autoimmune and alloimmune responses, and promotes immune 
tolerance

Th1, Th17, Treg, NK, NK-T, dendritic cells, mono-
cytes, mast cells and macrophages

HHLA2 Exert the function of co-inhibition and co-stimulation B cells

ICOS It plays an important role in the re-immunization stage of the body, inflammatory 
reaction, autoimmune diseases, tumor immunity and transplantation immunity

Activated T cells

ICOSLG It is involved in the positive regulation of T cell receptor signal pathway and 
interleukin-4 production

Peripheral blood B cells, monocytes, dendritic 
cells

IDO1 It exerts antibacterial and anti-tumor defense, neuropathology, immune regula-
tion and antioxidant activities

Dendritic cells, monocytes and macrophages

IDO2 It can inhibit the proliferation of CD4+T cells and CD8+T cells, which is closely 
related to body immunity and tumor

Dendritic cells

LAG3 Its combination with MHC II molecules down-regulates the activity of T cells Activated T cells, NK cells, B cells and plasma cell 
dendritic cells

PDCD1 It plays a role in the late stage of T cell reaction (immune effect stage) B cells, NK cells, dendritic cells, macrophages

TIGIT Suppress immune cells in multiple steps of tumor immune cycle cells, regulatory CD4+T cells, follicle-assisted 
CD4+T cells, effector CD8+T cells and NK cells

TNFRSF9 Transmit activation, proliferation or apoptosis signals between immune cells to 
regulate T-cell-mediated immune response

CD4+ and CD8+ T cells

TNFSF9 Transmit activation, proliferation or apoptosis signals between immune cells to 
regulate T-cell-mediated immune response

CD4+ and CD8+ T cells


