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Background: N6-methyladenosine (m6A), a type of RNA modification, influences the stability and translation of oncogene tran-
scripts and plays a crucial role in glioblastoma (GBM) stemness and drug resistance. However, its role in epidermal growth factor
receptor type III mutation (EGFRVIII) and temozolomide (TMZ)-resistant GBM remains unclear. This study explores the regu-
latory impact of m6A modification in TMZ-resistant GBM with EGFRVIII, with a focus on resistance genes and tumor stemness.
Methods: Stable EGFRvIII-expressing glioma cell lines were established and treated with TMZ for varying durations. Transcrip-
tome sequencing was then performed to identify resistance-associated genes. The findings were further validated using publicly
available transcriptomic datasets from TMZ-resistant GBM. Key genes related to prognosis were identified using Cox regression.
The m6A modification patterns and mRNA expression-based stemness index (mRNAsi) were evaluated based on 27 m6A regu-
lators and a one-class logistic regression model. Spearman correlation analysis assessed relationships between candidate genes,
mo6A scores, and mRNAsi. Cox regression analyzed prognostic differences in GBM patients with varying m6A and mRNAsi levels.
U251 and A172 cells stably expressing EGFRVIII (U2510E, A1720E) were cultured, and the expression levels of GARNL3 and
RBM]15 were examined by fluorescent polymerase chain reaction and Western blotting. Furthermore, the cell proliferative capac-
ity, viability, and apoptosis in A1720E and U2510E cells were assessed following modulation of RBM15 expression in conjunction
with TMZ treatment.

Results: GARNL3 was identified as a drug-resistant gene in EGFRvIII-positive GBM, with high expression correlating with better
overall survival (p < 0.05). GARNLS3 correlated with m6A scores (p < 0.01, » = 0.38) and RBM15 (p < 0.001, r = 0.992). RBM15
promoted GARNL3 protein expression in A1720E and U2510E cells. Concurrently, knockdown of RBMI15 not only reduced
GARNL3 expression but also enhanced the proliferation and viability of A1720E and U2510E cells under TMZ treatment, while
suppressing apoptosis. Conversely, overexpression of RBM15 promoted apoptosis in these cells and enhanced the tumor-inhibitory
effects of TMZ. Additionally, in TMZ-resistant EGFRvIII GBM, m6A scores were significantly decreased (p < 0.01), while mnRNAsi
scores were increased (p < 0.001). Low m6A and high mRNAsi levels correlated with poorer prognosis (p < 0.05).

Conclusion: GARNL3 may contribute to TMZ resistance through RBM15-mediated m6A modification, thereby enhancing tumor
cell stemness. However, this mechanism requires further validation.
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Introduction chemotherapy [1]. However, GBM frequently recurs, de-
spite treatment, and the five-year survival rate remains ap-

1 0,
Glioblastoma (GBM) is a prevalent primary intracra- proximately 7% [2].

nial tumor with high malignancy and poor prognosis, with
a median survival of only 14-16 months after diagnosis
[1]. Current standard treatment consists of surgical resec-
tion combined with radiotherapy and temozolomide (TMZ)

Recent gene sequencing studies on recurrent GBM
following TMZ treatment have revealed that 34% to 63% of
patients exhibit epidermal growth factor receptor (EGFR)
mutations, particularly exon 2—7 deletions (EGFRVIII) [3].
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The EGFRvVIII mutation occurs in the later stages of GBM,
leading to disease progression, poor prognosis, and TMZ
resistance, as confirmed by several studies [4—7].

EGFR typically recognizes ligands such as epidermal
growth factor (EGF) and transforming growth factor alpha
(TGF-«) via its extracellular domain, activating pathways
including Ras/mitogen-activated protein kinase (MAPK),
phosphoinositide-3-kinase (PI3K)/Akt serine/threonine ki-
nase (AKT), Janus kinase/signal transducer and activator
of transcription (JAK/STAT), and protein kinase C (PKC)
to regulate cellular activities [3,8,9]. The EGFRvIII muta-
tion results in the loss of this extracellular domain, lead-
ing to constitutive kinase activity that can bind to wild-
type EGFR, thereby activating traditional EGFR pathways
and promoting GBM growth, invasion, and drug resistance
[10,11]. Accordingly, EGFRVIII serves as a clinical marker
of GBM progression [12]. However, current EGFRvVIII-
targeted treatments face challenges, including poor blood-
brain barrier penetration and unexplained loss of EGFRVIII
amplicon during treatment, both of which lead to subop-
timal therapeutic efficacy [10]. For example, monother-
apeutic approaches using early-generation small-molecule
tyrosine kinase inhibitors (TKlIs, e.g., erlotinib, gefitinib)
or monoclonal antibodies (e.g., cetuximab) have shown
minimal efficacy and low response rates in clinical trials
[13]. Subsequent strategies have focused on developing
more potent or specific agents as well as exploring com-
bination therapies. For instance, the antibody-drug conju-
gate (ADC) Depatuxizumab Mafodotin (Depatux-M), de-
signed to deliver a cytotoxic payload specifically to EGFR-
overexpressing cells, was evaluated in a phase III random-
ized clinical trial INTELLANCE-1) for newly diagnosed
EGFR-amplified GBM. While it demonstrated a modest
improvement in progression-free survival (PFS), particu-
larly in the EGFRvIII-mutant subgroup, it ultimately failed
to improve overall survival (OS) compared with the con-
trol group [14,15]. A Cochrane systematic review and
meta-analysis further corroborated these findings and con-
cluded that adding anti-EGFR therapy to the standard of
care (surgery, radiotherapy, and temozolomide chemother-
apy) provided no significant OS benefit in either newly di-
agnosed or recurrent GBM settings [16]. Therefore, under-
standing the molecular mechanisms of EGFRvIII-induced
TMZ resistance and developing new combination therapies
is crucial.

Approximately 25% of mammalian messenger RNAs
undergo N6-methyladenosine (m6A), affecting RNA
metabolism and regulating various cellular activities.
mo6A modification regulators are categorized as “writers”,
“erasers”, and “readers”, which perform methylation,
demethylation, and recognition of m6A modifications,
respectively [17,18]. In GBM, abnormalities in m6A
regulators such as methyltransferase-like (METTL) 3,
METTLI14 (writers), AlkB homolog 5 (ALKBHS), fat
mass and obesity associated protein (FTO) (erasers), and

1611

YTH N6-methyladenosine RNA binding protein (YTHDF)
2, YTHDFI, YTH domain containing 1 (YTHDCI),
heterogeneous nuclear ribonucleoprotein (HNRNP) C,
HNRNPA2/BI (readers) contribute to tumor growth, prolif-
eration, and resistance to radiation and chemotherapy [19].
METTL3 and FTO are particularly important in GBM stem
cells (GSC), maintaining stemness and promoting tumor
survival and resistance [20,21]. FTO inhibitors, such as
meclofenamic acid (MA2), can suppress GSC proliferation
and tumor growth in mice [22]. Moreover, ALKBHS
overexpression, which reduces m6A levels, supports GSC
maintenance and proliferation [23].

GSC is pivotal in GBM occurrence and drug resis-
tance [24]. It is crucial to investigate whether EGFRVIII
influences m6A modification and stemness maintenance in
GSC. We established stable EGFRvIII-expressing glioma
cell lines and induced a resistant phenotype by chronic ex-
posure to TMZ for 14 days. Furthermore, this study ex-
amines key resistance genes using TMZ resistance-related
GBM transcriptome data, exploring the correlation between
EGFRVIII and m6A modification, and the role of m6A reg-
ulatory factors in regulating resistance genes.

Methods

Construction of Glioma Cell Lines Stably Expressing
EGFRvIII

Retroviruses pseudotyped with an EGFRVIII-
expressing vector were generated by co-transfecting 293T
cells (#293T(DC), BIOSPECIES, Guangzhou, China)
with the MSCV-XZ066-EGFRVIII plasmid (#20737,
Addgene, Watertown, MA, USA) and the VSV-G envelope
plasmid (#14888, Addgene, Watertown, MA, USA) using
Lipofectamine 3000 reagent (#L.3000008, Thermo Fisher
Scientific, Waltham, MA, USA). The viral supernatant was
collected at 72 h post-transfection. Subsequently, human
glioma cell lines U251-MG (#U251-MG, BIOSPECIES,
Guangzhou, China) and A172 (#A172, BIOSPECIES,
Guangzhou, China) were transduced with the harvested
EGFRvlIII-pseudotyped retroviral particles. To select for
stable integrants, the transduced cells were cultured in
medium containing ampicillin (#A5354, Sigma, Burling-
ton, MA, USA). Selection pressure was applied for
approximately two weeks, with the medium refreshed ev-
ery 3 days. Following this period, polyclonal populations
of stably transduced cells, designated as U2510E and
A1720E, were established and expanded for subsequent
verification and experimental use. To confirm the success-
ful expression of EGFRVIII in the stable transfected cell
line, cell climbing slices were prepared and subjected to im-
munofluorescence staining. The cells were incubated with
an anti-EGFRVIII primary antibody (1:500; #ab313646,
Abcam, Cambridge, MA, USA), followed by a Goat Anti-
Rabbit IgG H&L (Alexa Fluor® 488) secondary antibody
(1:1000; #ab150081, Abcam, Cambridge, MA, USA).
Nuclei were counterstained with DAPI (1 pg/mL; #D9542,
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Table 1. Summary of datasets of included studies.

1D GPL Number of samples Organism Cell type

GSE140441 GPL18460 6 Homo sapiens Two GBM patients-derived stem cells

GSE249544 GPL16791 24 Homo sapiens Cancer stem cells and serum-differentiated
cells from two GBM patients

GBM cBioportal-TCGA 64 Homo sapiens Tissues from GBM patients

GBM RTCGA 170 Homo sapiens Tissues from GBM patients

GBM, glioblastoma; GPL, Gene Expression Omnibus Platform; TCGA, The Cancer Genome Atlas.

Sigma-Aldrich, St. Louis, MO, USA). The expression and
subcellular localization of EGFRVIII protein were then
examined under a fluorescence microscope (Axioscope
5, Carl Zeiss, Obercohen, BW, Germany). The 293T,
U251-MG, and A172 cell lines used in this study were
authenticated by short tandem repeat profiling analysis and
confirmed to be free of mycoplasma contamination.

Cultivation of Different Glioblastoma Cell Lines

The U251-MG, U2510E, A172, and A1720E cell
lines were routinely cultured in Dulbecco’s Modified
Eagle Medium (containing 10% fetal bovine serum and
1% penicillin-streptomycin, #Bios-P4510, BIOSPECIES,
Guangzhou, China) at 37 °C and 5% CO,. A1720E
and U2510E cells were routinely cultured until reaching
the logarithmic growth phase, then treated with 100 pM
or 350 uM TMZ (#AK2023-1398268, Aikang Biotech-
nology (Hangzhou) Co., Ltd., Hangzhou, China) for 0
(U25INC day0, U2510E day0), 7 (U25INC day7,
U2510E day7), and 14 days (U25INC_dayl4,
U2510E dayl4). The culture medium was replaced
every three days during the treatment period. Cells were
subsequently collected for transcriptome sequencing.

Transcriptome Sequencing

With technical support from Beijing Benagen (Bei-
jing, China), total RNA was extracted, libraries were con-
structed, and paired-end transcriptome sequencing (RNA-
seq) was performed on all grouped cell samples (>107
cells per sample). High-quality sequencing reads were pro-
cessed using fastp (v0.12.4; https://github.com/OpenGene/
fastp; OpenGene, HaploX Biotechnology Co., Ltd., Shen-
zhen, China) and aligned to the human GRCh38 reference
genome using Bowtie2 (v2.2.5, Ben Langmead Laboratory,
Baltimore, MD, USA). BAM files were processed using
SAMtools (v1.3.1, Harvard Medical School, Boston, MA,
USA,; https://github.com/samtools/samtools) for viewing,
indexing, and sorting, and featureCounts (v2.0.1, Walter
and Eliza Hall Institute of Medical Research, Melbourne,
VIC, Australia) from the Subread package (SourceForge,
San Diego, CA, USA) was employed to quantify total read
counts mapped to each gene. Gene quantification results
from all samples were merged, converted to transcripts per
million (TPM), and logs-transformed for subsequent anal-
ysis.

Acquisition and Processing of Other Transcriptome
Sequencing Datasets Related to
Temozolomide-Resistant Glioblastoma

Glioblastoma transcriptome sequencing (RNA-seq)
datasets were sourced from the Gene Expression Omnibus
(GEO, https://www.ncbi.nlm.nih.gov/gds/), specifically in-
cluding GSE140441 and GSE249544 (Table 1). Grouping
was conducted according to EGFR(VIII) status and TMZ
treatment. In GSE140441, GSCs were stratified into four
groups: untreated EGFR-low (EGFRlowCON) and EGFR-
high (EGFRhighCON) controls, along with their counter-
parts treated with 500 pM TMZ for 3 days (EGFRlowTMZ
and EGFRhighTMZ). In GSE249544, both cancer stem-
like cells (CSC) and serum-induced differentiated cells
(SDC) were categorized as follows: untreated EGFR wild-
type (EGFRwtCON) and EGFRvllI-positive (EGFRvII-
ICON) controls, as well as cells treated with IC3y TMZ for 4
days (EGFRwtTMZ and EGFRVIIITMZ). Additionally, the
GBM expression matrix (The Cancer Genome Atlas Pro-
gram (TCGA)-GBM) and corresponding clinical data, com-
prising 64 samples treated solely with TMZ, were obtained
from the cBio Cancer Genomics Portal (cBioPortal, http:
//'www.cbioportal.org/). RNA-seq matrices of GBM and
adjacent tissues were downloaded using the R editing pack-
ages “RTCGA” (v1.27.2, Marcin Kosinski, https://github
.com/RTCGA/RTCGA) and “RTCGA.rnaseq.20160128”
(v0.99.0, Marcin Kosinski, https:/github.com/RTCGA
/RTCGA.rnaseq.20160128) to screen for cancer-related
genes.

The original expression matrices of the aforemen-
tioned GEO datasets represent Fragments Per Kilobase
of transcript per Million mapped reads (FPKM) for over
20,000 coding genes, while the TCGA-GBM data were pre-
sented as raw counts. Subsequently, the expression ma-
trices from these three datasets were normalized and con-
verted to logo TPM values. Genes with low-quality data,
defined as those with a total TPM value of 0, were excluded
from further analysis.

Acquisition and Functional Analysis of
Temozolomide Resistance-Related Genes in
Glioblastoma

For all datasets, differential expression analysis at
the transcriptome level between EGFRvIII-positive GBM
samples before and after TMZ treatment was conducted
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using the R package “limma” (v3.48.3, Walter and Eliza
Hall Institute of Medical Research, Melbourne, VIC, Aus-
tralia). Genes were considered significantly differentially
expressed (DEGs) if they met the criteria of adjusted p
value or p value less than 0.05 and absolute differen-
tial fold change (logoFC) greater than 1. Subsequently,
the R packages “clusterProfiler” (v4.0.2, Bioconductor
Project, Dana-Farber Cancer Institute, Boston, MA, USA)
and “org.Hs.eg.db” (v3.13.0, Bioconductor Project, Dana-
Farber Cancer Institute, Boston, MA, USA) were employed
to perform enrichment analysis of DEGs in Gene Ontol-
ogy (GO) terms, including Biological Process (BP), Cel-
lular Component (CC), Molecular Function (MF), as well
as Kyoto Encyclopedia of Genes and Genomes (KEGQG)
pathways. To identify TMZ-resistant DEGs, survival
analysis was conducted using the R package “survival”
(v3.2.13, Bioconductor Project, Dana-Farber Cancer Insti-
tute, Boston, MA, USA), and Cox regression was used to
explore associations between DEG expression levels and
clinical outcomes, such as OS and disease-free survival
(DFS), in GBM patients treated with TMZ.

Variation Analysis of RNA Methylation-Related Gene
Sets in Temozolomide-Resistant Glioblastoma

To assess the enrichment of m6A methylation sig-
nals in EGFRVIII-GBM samples post-TMZ treatment, gene
sets related to “RNA methylation” were extracted from
the Molecular Signatures Database (MSigDB, http://ww
w.gsea-msigdb.org/gsea/index.jsp) using the R package
“msigdbr” (v7.5.1, CRAN Team, Vienna, Vienna, Austria).
Enrichment scores of RNA methylation, particularly m6A
methylation, were calculated for each sample using the R
package “GSVA” (v1.40.1, Bioconductor Project, Dana-
Farber Cancer Institute, Boston, MA, USA). Differences in
enrichment scores between groups were analyzed using the
limma method.

MG6A Methylation Score of Temozolomide-Resistant
Glioblastoma

A set of 27 m6A methylation signature genes [25,26],
categorized into Erasers (ALKBH3, ALKBHS, FTO), Writ-
ers (zinc finger CCCH-type containing 13 (ZC3H13), Vir
like m6A4 methyltransferase associated (VIRMA), RBM135,
RBM15B, METTL14, METTL16, METTL3, Wilms tumor
1 associated protein (WTAP), RNA binding motif protein
X-linked (RBMX), Cbl proto-oncogene like 1 (CBLLI)),
and Readers (HNRNPA2B1, HNRNPC, HNRNPG, insulin
like growth factor 2 mRNA binding protein (IGF2BP)
1, IGF2BP2, IGF2BP3, YTHDCI, YTHDC2, YTHDF1I,
YTHDF?2, YTHDF3, eukaryotic translation initiation fac-
tor 3 subunit A (EIF3A), fragile X mental retardation 1
(FMR1), leucine rich pentatricopeptide repeat containing
(LRPPRC)) were identified. Principal component (PC)
analysis (PCA) was performed on the expression matrix of
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these genes to derive PC1 and PC2 for each sample, from
which an m6A score was calculated [27].

m6A score = Z PC1; + PC2;

Cancer Cell Stemness Score of Glioblastoma Based
on One-Class Linear Regression

To evaluate cancer cell stemness, transcriptome se-
quencing data from the Progenitor Cell Biology Consor-
tium (PCBC, syn1773109) were obtained from the Synapse
platform (https://www.synapse.org/Synapse:synl773109/
files/). Samples were divided into 68 human normal stem
cells and 129 differentiated cells. Expression matrices were
normalized to logo TPM values and processed using the R
package “gelnet” (v1.2.1, CRAN Team, Vienna, Vienna,
Austria) to build a one-class logistic regression (OCLR)
model. Spearman correlation analysis using the OCLR
model was applied to calculate a stemness score for each
sample, which was linearly scaled to a range of 0—1 [28].

Construction of the RBM15 Overexpression Vector

The coding sequence (CDS) of human RBMI5
(CCDS822.1) was chemically synthesized. The lentivi-
ral overexpression vector pLenti-CMV-GFP-Puro (#17448,
Addgene, Watertown, MA, USA) was digested with BamHI
(#R31368S, NEB, Ipswich, MA, USA) and Sall (#R3138S,
NEB, Ipswich, MA, USA) restriction endonucleases to
generate a linearized backbone. The synthesized RBM15
CDS fragment was then ligated into the pLenti-CMV-GFP-
Puro vector backbone using T4 DNA ligase (#M0202V,
NEB, Ipswich, MA, USA). The resulting ligation product,
pLenti-CMV-hRBM15 CDS (designated ovRBM15), was
constructed with the assistance of Sangon Biotech (Shang-
hai) Co., Ltd. The construct was transformed into compe-
tent E. coli cells (#C29871, NEB, Ipswich, MA, USA). The
sequence of the RBM15 overexpression vector is provided
in the Supplementary Materials. Positive clones were se-
lected on LB agar plates containing ampicillin (#L0168,
Sigma, Burlington, MA, USA) and subsequently verified
by colony PCR and Sanger sequencing.

Detection of Differential Expression of Key Genes in
Temozolomide-Resistant Glioblastoma Cells

U2510E and A1720E cells were continuously
treated with 350 pM or 100 uM TMZ for 14 days, or
treated with RBM15 siRNA sequence 1 (siRBM15-1:
5'-CGCAACAATGAAGGGAAAAGAGC-3’), siRNA
sequence 2 (siRBM15-2: 5'-GGCCTGTTTCATGAG
TTCAAACG-3’), or ovRBM15 for three days. Cells
transfected with siRNA-negative sequences (siNC; sense:
5-UUCUCCGAACGUGUCACGUTT-3'; antisense: 5'-A
CGUGACACGUUCGGAGAATT-3’) and pLenti-CMV-
GFP empty vector (ovNC) served as the control group.
The cellular morphology was then examined under a
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microscope (DM1000 LED, Leica Microsystems GmbH,
Wetzlar, Hessen, Germany). Total RNA was then collected
using an animal cell/tissue RNA extraction kit (#DP451-
TA, Tiangen Biochemical Technology Co., Ltd., Beijing,
China). The preservation of extracted RNA requires care-
ful attention to extraction and storage temperatures, as well
as the impact of repeated freeze-thaw cycles, to maintain
its integrity [29,30]. Quality-controlled total RNA was
first synthesized into cDNA using StarScript III one-tube
genome-free reverse transcription premix reagent (#A230-
02, GeneStar, Beijing, China). Then, the target primers
(GARNLS3: 5’-AACAATCAACGTGTCCCTCAAT-
3’ (F), 5-TTTGTCCAGATTCATGGCACTT-3’ (R);
RBM15: 5'-GGCTCGCTGAGGAGAGTGGAG-3’
(F), 5'-CGGCTACTGCTCAATTCTGGACTG-3' (R);
GAPDH: 5-GGAGCGAGATCCCTCCAAAAT-3' (F),
5'-GGCTGTTGTCATACTTCTCATGG-3’ (R)), 2x Real-
Star Fast SYBR qPCR Mix (#A301-01, GeneStar, Beijing,
China) and other qPCR reagents were mixed, and qPCR
reactions were performed. The mRNA level of the target
relative to GAPDH was calculated using the 2~24C4
formula.

Western Blotting

Following transfection with siRNAs or overexpres-
sion vectors and treatment with 100 uM or 350 uM TMZ
for three days, total protein was extracted from A1720E
and U2510E cells using Trizol reagent (#15596026CN,
Thermo Fisher Scientific, Waltham, MA, USA). The pro-
tein concentration was quantified with a BCA protein as-
say kit (#KTD3001, Guangzhou LaiSai Bio, Guangzhou,
China). Subsequently, 20 pg of total protein per sam-
ple was loaded onto a 10% SDS-polyacrylamide gel
(#PG112, Shanghai Yamei Biomedical Technology Co.,
Ltd., Shanghai, China) and separated by electrophore-
sis at 80 V for 20 min, followed by 120 V until the
proteins were adequately resolved. The proteins were
then transferred onto a 0.22 um NC membrane (#FFN56,
Betoyime, Shanghai, China) at 200 mA for 100 min
at 4 °C. The membrane was blocked with 5% bovine
serum albumin (#A1933-25G, Sigma, Burlington, MA,
USA) for 2 h, incubated with primary antibodies at 4
°C overnight, and subsequently incubated with appro-
priate HRP-conjugated secondary antibodies (goat anti-
mouse IgG antibody, 1:1000, #A0216, Beyotime, Shang-
hai, China; goat anti-rabbit IgG, 1:20,000, #AB205718,
Abcam, Cambridge, MA, USA) for 1 h. Protein sig-
nals were visualized using an enhanced chemiluminescence
(ECL) detection reagent (#WBKLS0500, Millipore, Sigma,
Burlington, MA, USA). Primary antibodies included EGFR
monoclonal antibody [EP38Y] (1:1000, #ab52894, Abcam,
Cambridge, MA, USA), EGFRvIII monoclonal antibody
[EPR28380-83] (1:1000, #ab313646, Abcam, Cambridge,
MA, USA), 5-Actin (ACTB) mouse monoclonal antibody
(1:2500, #AF0003, Beyotime, Shanghai, China), RBM15

monoclonal antibody (2C1) (#H00064783-M19, Thermo
Fisher Scientific, Waltham, MA, USA), and GARNL3
polyclonal antibody (#PA5-55970, Thermo Fisher Scien-
tific, Waltham, MA, USA).

Temozolomide Sensitivity Test

A1720E, U2510E cells and their respective parental
cells were seeded in 96-well plates and treated with a gradi-
ent of TMZ concentrations (0, 1, 10, 50, 100, 250, 500, and
1000 uM) prepared in complete culture medium. After 72
h of continuous exposure, the medium was removed and re-
placed with fresh medium containing the Cell Counting Kit-
8 (CCK-8) reagent (#KTA1020, Abbkine, Redlands, CA,
USA). Following incubation for 1 to 4 h, the absorbance
of each well was measured at a wavelength of 450 nm us-
ing a microplate reader (SpectraMax iD5, Molecular De-
vices, Shanghai, China). The percentage of cell viability
was calculated relative to the untreated control group. A
dose-response curve was plotted with the logarithm of TMZ
concentration (log;) on the x-axis and cell viability on the
y-axis, from which the half-maximal inhibitory concentra-
tion (IC50) was determined.

Crystal Violet Staining

After 3 days of culture and drug treatment, cells from
each treatment group (A1720E and U2510E) were fixed
with 4% paraformaldehyde (#P6148, Sigma, Burlington,
MA, USA) at 25 °C for 30 min. Following three washes
with phosphate-buffered saline (PBS; #C0221A, Beyotime,
Shanghai, China), the cells were stained with 0.5% crystal
violet solution (#G5447, SmartBuffers, Foshan, China) for
10 min. The stained cells were air-dried and subsequently
imaged under an optical microscope. Following solubiliza-
tion of the dye with 10% acetic acid, the absorbance was
measured at 570 nm on a microplate reader to calculate cell
viability (%).

EdU Staining

A1720E and U2510E cells from each experimental
group were incubated with culture medium containing 10
puM EdU (#ST067, Beyotime, Shanghai, China) for 2 h.
The cells were then fixed with 4% paraformaldehyde for
15 min and permeabilized with 0.5% Triton X-100 (#X100,
Sigma, Burlington, MA, USA) for 10 min. After another
PBS wash, the click reaction cocktail containing the fluo-
rescent azide dye, CuSOy, and reaction buffer was added to
the cells, which were then incubated in the dark for 30 min.
Finally, the cell nuclei were counterstained with Hoechst
33342 (5 pg/mL, #C1026, Beyotime, Shanghai, China) for
10 min. The stained cells were visualized under a fluo-
rescence microscope (Axioscope 5, Carl Zeiss, Obercohen,
BW, Germany). The red fluorescence signal indicated EAU
incorporation, while the blue fluorescence from Hoechst
33342 highlighted the nuclei. The average integrated op-
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Table 2. Summary of clinical data of 64 glioblastoma patients treated with temozolomide.

TMZ response (n = 23)

TMZ-resistant (n = 41)

Age (58.75, 21-84, years) 56.8 £16.9 56 +9.89
Male (n =43) 17 26
Sex
Female (n=21) 6 15
R132H (n=16) 4 2
IDH1
WT (n=55) 18 37
vIII 4.348% (1/23) 12.195% (5/41)
EGFR Others 13.043% (3/23) 19.512% (8/41)
WT 82.609% (19/23) 68.293% (28/41)
TMB 1.26 £ 0.258 1.34 £ 0.616
METHYLATED 12 17
MGMT
UNMETHYLATED 10 17
OS (Months) 9.71 £ 6.11 16.6 + 11.5
DFS (Months) 9.71 £ 6.11 7.26 £ 4.80

TMZ, temozolomide;

WT, wild type; OS, overall survival,

DFS, disease-

free/progression-free survival; EGFR, epidermal growth factor receptor; TMB, Tumor
Mutational Burden; MGMT, O6-Methylguanine-DNA Methyltransferase.

tical density (IOD) value of the cell population was quan-
tified using ImagelJ software (v1.53a, National Institute of
Mental Health (NIMH), Bethesda, MD, USA) to evaluate
the proliferative activity.

Apoptosis Detection (Flow Cytometry)

A1720E and U2510E cells (approximately 1 x 10°)
were collected, washed with ice-cold PBS, and resuspended
in 100 pL of binding buffer. Annexin V-FITC and PI stain-
ing solutions (#C1062M, Beyotime, Shanghai, China) were
added, followed by incubation in the dark for 15 min. Af-
ter adding 400 pL of binding buffer and mixing, samples
were analyzed within 1 hour using a flow cytometer (BD
FACSMelody™, BD, Franklin Lakes, NJ, USA). The ex-
citation/emission wavelengths were 488/525 nm for An-
nexin V-FITC and 535/615 nm for PI. The apoptosis rate
was quantified by calculating the percentages of Annexin
V+/PI~ (early apoptotic) and Annexin V*/PI~ (late apop-
totic) cells.

Statistical Methods

Data analysis was performed using R (v4.1.0, R Core
Team 2023, Vienna, Vienna, Austria) and RStudio Server
(v1.4.1717, Posit PBC, Boston, MA, USA) for visualiza-
tion. Differences in gene expression levels and gene set
variation analysis (GSVA) scores between groups were
evaluated using empirical Bayes moderated #-tests, with
p values adjusted using the Benjamini-Hochberg correc-
tion (¢/FDR value). Functional enrichment scores were as-
sessed using the hypergeometric distribution. Student’s ¢-
test was used to compare normally distributed continuous
data between groups, whereas the Mann-Whitney U test
was applied to tumor stemness scores or other continuous
variables that did not meet the assumption of normality.
Comparisons among multiple groups were performed us-

ing one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test. A Kruskal-Wallis H test
was conducted to assess differences across groups for non-
normally distributed data, and Dunn’s post hoc analysis was
then utilized for pairwise comparisons to identify specific
group differences.

Results

Identification of Temozolomide Resistance Genes in
Epidermal Growth Factor Receptor Type Il Mutant
Glioblastoma

We analyzed a cohort of 64 TCGA-GBM patients
treated with TMZ, with ages ranging from 21 to 84 years.
Males accounted for a greater proportion of the cohort
than females (67.19% vs. 32.81%; 43/21). The inci-
dence of EGFRvVIII mutations, characterized by protein
amplification resulting from mutations in protein sites 7—
173 and exons 2—7, was higher in TMZ-resistant GBM
samples (12.195%) compared with TMZ-sensitive samples
(4.348%; Table 2), showing a 2.805-fold increase.

Cox regression analysis revealed that EGFRvIII mu-
tation status was a significant risk factor for DFS in
GBM patients (p < 0.05, Supplementary Fig. 1B),
whereas other factors did not show significant associations
(Supplementary Fig. 1). Specifically, EGFRvIII mutation
significantly reduced DFS (p < 0.05, Supplementary Fig.
1D) but did not affect OS (p > 0.05, Supplementary Fig.
1A,C), underscoring its role in promoting TMZ resistance.

Subsequently, using the limma package, we iden-
tified 8 genes—NIMA related kinase 6 (NEKG), acti-
vated leukocyte cell adhesion molecule (ALCAM), hyaluro-
nan synthase 2 (HAS2), gamma-aminobutyric acid type
A receptor subunit gamma 3 (GABRG3), beaded fila-
ment structural protein 1 (BFSPI1), GTPase activating
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Fig. 2. Correlation between expression levels of four key temozolomide resistance genes and glioblastoma (GBM) patient progno-
sis. (A—D) Overall survival (OS) and disease-free survival (DFS) differences in GBM patients stratified by expression levels of GARNL3
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Rap/RanGAP domain like 3 (GARNL3), Hes family bBHLH
transcription factor 6 (HES6), and glutamate receptor
ionotropic NMDA like subunit 1-associated protein 1 com-
plex locus 1 (GCOMI)—that were significantly differen-
tially expressed between GBM tumors and TMZ-resistant
EGFRvlIlI-positive GBM tissues. These findings were val-
idated using the U2510E cell model (Fig. 1A-D). No-

tably, GABRG3 and GARNL3 were consistently downreg-
ulated (p < 0.01 or 0.001, logoFC <—1) in TMZ-resistant
EGFRVIII-GBM tissues and U2510E cell lines, while
HAS2 and HES6 were consistently upregulated (p < 0.05
or 0.001, logoFC >1, Fig. 1E). These genes—GABRG3,
GARNL3, HAS2, and HES6—were identified as candidate
genes for TMZ resistance in EGFRvIII-positive GBM.
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cell line (U2510E) before and after temozolomide (TMZ) treatment, with a focus on RBM15. (B) Spearman correlation analysis between
the 27 characteristic genes of m6A methylation and the expression levels of GARNL3 and EGFR. (C) prediction of m6A modification
sites in GARNL3 using sequence-based RNA adenosine methylation site predictor database (SRAMP, http://www.cuilab.cn/sramp). *,
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Further prognostic analysis of these candidate genes
revealed that GARNL3 was significantly associated with
OS in GBM patients following TMZ treatment (p < 0.05,
Fig. 2A). However, expression levels of the other two can-
didate genes (GABRG3 and HAS?) did not show significant
associations with OS or DFS (p > 0.05, Fig. 2B,C). Al-
though higher expression of HES6 was significantly asso-
ciated with improved DFS (p < 0.05, Fig. 2D), the strength
of this association was notably lower compared with that
of GARNL3. These findings highlight GARNL3 as a key

gene contributing to TMZ resistance in EGFRvIII-positive
GBM, and suggest that its upregulation may potentially im-
prove OS in patients.

Correlation Between m6A Methylation and
Temozolomide Resistance Gene Expression in
Epidermal Growth Factor Receptor Type III Mutant
Glioblastoma

The m6A modification plays a pivotal role in RNA
metabolism, affecting functional genes associated with can-
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Fig. 5. The effect of epidermal growth factor receptor type III (EGFRvIII) mutation on the sensitivity of glioblastoma cells to

temozolomide (TMZ). (A,B) Representative micrographs (20 x, A) and immunoblotting (B) for detecting EGFRVIII in stably transfected

A172 and U251 human glioma cells. (C,D) Half-maximal inhibitory concentration (ICs¢) curves of TMZ in EGFRvIII-overexpressing
A172 cells (A1720E, C), U251 cells (U2510E, D), and their respective parental cells. (E,F) Representative crystal violet staining images
(4x) of A1720E and A172 cells treated with 100 uM TMZ (E), U2510E and U251 cells treated with 350 uM TMZ (F) for 3 days. (G,H)
Analysis of apoptosis by flow cytometry in A1720E and A172 cells (G), U2510E and U251 cells (H) following TMZ treatment. **,

*#% and **** represent p < 0.01, 0.001 and 0.0001, respectively.

cer stem cell renewal, tumor invasion, and treatment eva-
sion [31]. Our analysis revealed a significant reduction in
rRNA methylation and the fraction of m6A methylation sig-
nals enriched in the U2510E cell line treated with TMZ for
14 days (Fig. 3A—C). Concurrently, a strong negative cor-
relation was observed between the m6A fraction and the

survival of EGFRvIII-positive GBM patients (p < 0.05,
< —0.8, Fig. 3D), suggesting that decreased m6A signaling
may indicate poorer prognosis.
Moreover, in GBM patients treated with TMZ,
GARNLS3 exhibited a weak but statistically significant pos-
itive correlation with the m6A score (p < 0.01, » < 0.3,
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Fig. 3E). In contrast, there was no significant correlation
between HES6 and the m6A fraction (p > 0.05, Fig. 3F).
These findings were confirmed in the TMZ_U2510E cell
line, where GARNL3 downregulation coincided with a no-
table decrease in the m6A levels. This indicates potential
involvement of m6A modification in regulating GARNL3
mRNA metabolism in TMZ-resistant EGFRvIII-GBM.

Notably, RBM15, as an m6A modification signa-
ture gene, exhibited significantly low expression in the
TMZ_U2510E cell line (p < 0.001, Fig. 4A) and demon-
strated a strong positive correlation with GARNL3 (p <
0.001, » > 0.99, Fig. 4B). While the other 25 m6A mod-
ification characteristic genes showed minimal differential
expression in the U2510E cell line (|logoFC| <1), RBM15
emerged as potentially crucial for maintaining the stabil-
ity of GARNL3 mRNA. Furthermore, predictive analysis
using the SRAMP tool indicated that m6A-binding pro-
teins may regulate GARNL3 by targeting specific sites on its
mRNA. High-confidence putative m6A modification sites
were identified at positions 673 and 1222 in the GARNL3-
NMO032293.5 transcript variant, and at positions 596 and
1145 of the GARNL3-NM001286779.2 transcript variant
(Fig. 4C).

Preliminary Verification of Significant
Downregulation of GARNL3 and RBM15 in
Temozolomide-Resistant Glioblastoma

The sensitivity of the stably transfected A1720E and
U2510E cell lines (Fig. 5A-D) to TMZ was evaluated.
Compared with their parental cells (A172 and U251),
A1720E and U2510E cells’ sensitivity was significantly
decreased (p < 0.0001, Fig. 5C,D). Consistent with this,
microscopic observation revealed a higher viability rate in
A1720E and U2510E cells compared with their parental
counterparts under TMZ treatment (p < 0.0001, Fig. SE,F).
Furthermore, total apoptosis rates were markedly reduced
in A1720E (p < 0.001, Fig. 5G) and U2510E cells (p <
0.01, Fig. SH). These results indicate reduced sensitivity of
A1720E and U2510E cells to TMZ.

Both A1720E and TMZ-treated A1720E cells dis-
played a spindle-shaped morphology and adhered to the
culture surface, with no obvious morphological differences
between them. U2510E and TMZ-treated U2510E cells
were predominantly round or oval in shape. Compared
with A1720E/U2510E cells, TMZ-induced cells exhibited
higher density and grew in clusters under the same culture
conditions and duration (Fig. 6A). We further examined the
expression levels of GARNL3 and RBM 15 in these different
cell lines. The results showed that, compared with the con-
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trol group (A1720E and U2510E), GARNL3 mRNA was
significantly downregulated in TMZ-resistant EGFRvIII
glioma cells A172 (TMZ_A1720E, p < 0.01, Fig. 6B) and
U251 cells (TMZ_U2510E, p < 0.05, Fig. 6C), and RBM15
was also significantly downregulated (p < 0.01, Fig. 6D,E).
These findings suggest that RBM15 and GARNL3 show
consistent expression changes in TMZ-resistant EGFRvIII
GBM cells.

Furthermore, knockdown of RBM15 in A1720E (p
< 0.0001) and U2510E (p < 0.0001) cells (Fig. 7A-D)
was accompanied by a relative decrease in GARNLS3 pro-
tein levels (Fig. 7C,D). Crystal violet staining revealed that,
under TMZ treatment, reduced RBM15 expression led to
higher cell viability rate in A1720E (Fig. 7E) and U2510E
(Fig. 7F) cells compared with the siNC group. Consis-
tent with this, EdU staining also showed significantly in-
creased proliferative capacity in siRNA-treated A1720E (p
< 0.050r0.01, Fig. 7G) and U2510E (p < 0.0001, Fig. 7H)
cells. In contrast, total apoptosis rates were markedly re-
duced (Fig. 71,J). Conversely, overexpression of RBM15

increased GARNL3 protein levels (Fig. 7C,D), and signif-
icantly inhibited the cell viability in A1720E (p < 0.01,
Fig. 7E,G) and U2510E (p < 0.05, Fig. 7F,H) cells. More-
over, the total apoptosis rate was significantly increased (p
< 0.0001, Fig. 71,J) in A1720E and U2510E cells after
RBM15 overexpression. These results preliminarily indi-
cated that in EGFRvIII-positive GBM cells, RBM15 pos-
itively regulates the protein level of GARNL3 and could
enhance the inhibitory effect of TMZ.

The Regulatory Effect of m6A Modification on
Cancer Stem Cell Differentiation in Epidermal
Growth Factor Receptor Type III Mutant
Glioblastoma

Consistent with the findings above, the m6A signal en-
richment fraction was significantly attenuated in GBM stem
cells harboring EGFRVIII mutation following TMZ treat-
ment (p < 0.05, Supplementary Fig. 2 and Supplemen-
tary Fig. 3B). A similar downward trend was observed in
GBM stem cells with EGFR amplification and expression;
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Fig. 9. Tumor cell stemness (mRNAsi) associated with m6A modification and prognosis in glioblastoma (GBM) patients. (A)
Differences in mRNAsi scores in GBM patient tissues with varying m6A fraction levels (n = 64) treated with temozolomide (TMZ). (B)
Median disease-free survival (DFS) period differences in patients with different m6A levels. (C) Spearman correlation analysis between
mRNAsi and m6A scores in TMZ-treated (left panel) and TMZ-resistant (right panel) GBM patients. * indicates p < 0.05. mRNA

expression-based stemness index (mRNAsi).

however, the difference was not statistically significant (p
> 0.05, Supplementary Fig. 3A), possibly due to sample
heterogeneity and the limited number of included samples.

Furthermore, an OCLR model was constructed to as-
sess tumor stemness scoring, demonstrating high evalua-
tion accuracy (p < 0.001, Fig. 8A). Further analysis of
the correlation between EGFRvVIII and tumor stemness,
along with comparisons of EGFRvIII and wild-type mRNA
expression-based stemness index (mRNAsi), revealed that
expression of EGFRVIII significantly improved the mR-
NAsi score of U251 cells compared with their wild-type
counterparts (p < 0.01; Fig. 8B). A significant increase
in mRNAsi scores was also observed in GBM stem cells
derived from patients with low EGFR expression and low
TMZ sensitivity, compared with those from patients with
high EGFR expression (p < 0.05, Fig. 8C), as well as in
EGFRvlIII-positive CSC and EGFRvIII-positive SDC (p <
0.001, Fig. 8D). The EGFRVIII mutation may thus augment
the stemness of GBM cells. Additionally, short-term treat-
ment of TMZ-exposed CSC (CSC-EGFRVIIITMZ) and
SDC (SDC-EGFRVIIITMZ) from GBM patients for four
days (p < 0.001, Fig. 8D), and U2510E cells for 7 days (p
< 0.001, Fig. 8B), initially reduced mRNAsi scores. How-

ever, prolonged treatment of U2510E cells significantly
improved mRNAsi score (p < 0.001, Fig. 8B), suggesting
a propensity of cancer cells to regain stemness over time.

Regarding m6A modification and mRNAsi, GBM tis-
sues exhibited elevated mRNAsi levels in samples and low
mo6A scores (p < 0.05, Fig. 9A), with a significant negative
correlation observed between m6A and mRNAsi (p < 0.05,
r=-0.27;p <0.01,r=-0.41, Fig. 9B,C). Moreover, among
TMZ-resistant patients, those with mRNAsi high/m6A low
and mRNAsi low/m6A low profiles showed poorer progno-
sis (p < 0.05, Fig. 9B). These findings collectively suggest
that aberrant attenuation of m6A may enhance GBM cell
stemness, adversely affecting patient survival.

Discussion

Our analysis of clinical data from 64 GBM patients
treated with TMZ revealed a high EGFR mutation rate
of 26.563% (17/64), with EGFRvIII mutations account-
ing for 35.294% (6/17). Particularly among TMZ-resistant
GBM patients, the proportion of EGFRvIII-positive cases
increased from 4.348% to 12.195%. Consistent with previ-
ous studies, EGFRVIII mutation contributes to TMZ resis-
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tance in GBM [32], leading to poorer prognosis [7]. Various
EGFRvllI-targeted antitumor therapies, such as EGFRvIII
- CART, CDX-110-KLH peptide vaccine, and monoclonal
antibodies, have shown promising anticancer effects at the
cellular level [33,34], with successful outcomes in clinical
and preclinical studies. However, the clinical guidelines for
GBM diagnosis and treatment do not recommend EGFRvIII
inhibitors, partly due to challenges in drug delivery across
the blood-brain barrier and the heterogeneity among pa-
tients [35,36]. Thus, further elucidating the mechanisms of
EGFRVIII resistance in GBM remains pivotal in oncology
research.

Our study identifies GARNL3 as a key resistance gene
in EGFRvVIII GBM. Consistent findings from other data
mining studies also underscore GARNL3 as a pivotal gene
in GBM [37]. Building on our previous research, we
confirmed that GARNL3 is significantly underexpressed in
EGFRuvllII-stable U87 cell lines, which correlates with re-
duced sensitivity to TMZ across multiple cell models, in-
cluding U87 and U251 [38]. While the precise role of
GARNL3 in tumorigenesis remains unclear, structural pre-
dictions suggest potential GTPase-activating protein (GAP)
activity. GAPs negatively regulate GTPases by convert-
ing active GTPase-GTP forms to inactive GTPase-GDP
forms [39], thereby inhibiting downstream signaling path-
ways and regulating cell proliferation. Dysregulation of
GAP proteins has been implicated in various malignancies,
including GBM, promoting tumor invasion [40]. Thus, loss
of GARNL3 may mediate GBM progression and drug resis-
tance.

Our analysis further implicates the downregulation of
GARNL3 in TMZ-resistant GBM with weakened m6A sig-
naling, particularly due to reduced expression of RBM1I5.
RBM15, known for its regulatory role in mRNA post-
transcriptional fate, is involved in carcinogenesis, stemness
maintenance, and therapeutic response in GBM [41,42].
RBM15 has been identified as an oncogene in various can-
cers, stabilizing oncogenic transcripts such as TMBIMG6,
MyD88, and MDR1 [43-45], and inhibiting differentiation
in leukemic stem cells and macrophages [46]. In our study,
we observed significant downregulation of RBM15 in drug-
resistant samples, likely contributing to enhanced GBM
stemness and TMZ resistance. Studies have also shown
that reduced RBM15 levels in GBM diminish m6A modifi-
cation of DLG3 mRNA, promoting GBM progression and
radioresistance [47]. This underscores the role of RBM15
in regulating cell stemness through m6A modification.

Moreover, our findings highlight the significance of
mo6A modification in GBM adaptation to cellular stressors,
including therapy. Studies indicate increased m6A modifi-
cation in TMZ-resistant GBM cells, attributed to METTL3
upregulation following TMZ treatment [48]. Conversely,
enhanced GSC stemness in TMZ resistance correlates with
diminished m6A modification. The diverse roles of m6A
regulatory factors likely contribute to these differences.

This research underscores the intricate interplay be-
tween EGFRvVIII mutations, GARNL3, RBM15, and m6A
modification in GBM pathogenesis and therapeutic resis-
tance. Further investigation of these molecular mechanisms
is crucial for developing targeted therapies to overcome
EGFRvllI-mediated resistance and improve outcomes in
GBM npatients.

Conclusion

In conclusion, our study identified GARNL3 as a crit-
ical prognostic biomarker in EGFRvIII GBM resistance,
with its downregulation in drug-resistant samples poten-
tially linked to aberrant m6A modification due to RBM15
loss. This study is the first to connect GARNL3-mediated
TMZ resistance in EGFRvIII GBM with the maintenance
of GSC stemness. RBM15 downregulation likely reduces
GARNL3 m6A modification, destabilizing mRNA and reg-
ulating the maintenance and stability of cancer stem cells.
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