
Super-enhancer-driven SLCO4A1-
AS1 is a new biomarker and a 
promising therapeutic target in 
glioblastoma
Yibo Wu1,2, Fang Li3, Chen Yang1,2, Xuehai Zhang1,2, Zhiwei Xue1,2, Yanfei Sun1,2, 
Xiaoying Lin4,5, Xuemeng Liu1,2, Zhimin Zhao1,2, Bin Huang1,2, Qibing Huang1,2, 
Xingang Li1,2 & Mingzhi Han1,2,5

Glioblastoma (GBM) is the most common intracranial malignancy, but current treatment options 
are limited. Super-enhancers (SEs) have been found to drive the expression of key oncogenes in 
GBM. However, the role of SE-associated long non-coding RNAs (lncRNAs) in GBM remains poorly 
understood. Here, we screened for an up-regulated lncRNA-SLCO4A1-AS1 expressed in GBM by 
analyzing data from GSE54791, GSE4536 and TCGA. We systematically analyzed its relationship with 
clinical characteristics, prognosis, epigenetics, tumor microenvironment (TME), biological functions, 
and transcription factors. We found that SE-driven SLCO4A1-AS1 was significantly upregulated in GBM 
and correlated with poor prognosis. Knockdown of SLCO4A1-AS1 decreased glioma cell proliferation, 
invasive ability, self-renewal ability, and increased apoptosis. Epigenetic analysis revealed that SOX2 
and SE could drive SLCO4A1-AS1 expression. In vitro experiments further demonstrated that GBM cells 
with high SLCO4A1-AS1 expression were more sensitive to VX-11e, and overexpression of SLCO4A1-
AS1 could reverse the inhibitory effect of VX-11e on GBM cells. In conclusion, this study revealed that 
SE-driven SLCO4A1-AS1 may be a potential therapeutic target in GBM.
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Glioma is one of the most typical intracranial tumors1,2, with the occurrence of more than 10,000 new cases 
per year and an increasing trend year by year3. Glioblastoma (GBM) is the most malignant subtype of glioma4. 
The median survival time of patients receiving radiotherapy and chemotherapy is approximately 14.6 months, 
and more than 80% of GBM patients do not survive longer than 60 months5. Despite extensive research efforts, 
treatment outcomes for glioma remain largely inadequate6–8.

Super-enhancers (SEs) could bind to a high density of transcription factors and co-activators, providing 
synergistic binding and synergistic gene activation. In addition, SEs are able to drive high expression of multiple 
key oncogenes in tumors that have a critical role in determining cell identity and differentiation type. Recent 
studies have shown that inhibitors targeting SE-related genes have encouraging results in the treatment of a 
variety of cancers. Thus, exploring the role of SE-related genes in GBM may provide new ideas for the treatment 
of GBM.

Bioinformatics has gradually been widely used in cancer research9. Although important prognostic 
biomarkers have gradually been discovered10, the outcomes of glioma treatment still have not been significantly 
improved. Long non-coding RNAs (lncRNAs) have been found to be associated with the development and 
progression of cancer11,12. Most of these lncRNAs are endogenous, at least 200 nucleotides in length, and have 
limited or no ability to encode proteins13. LncRNAs have also been reported to have important regulatory roles 
in the tumor microenvironment (TME)14,15. However, the potential mechanisms involved in the role of lncRNAs 
in GBM still need to be further investigated, which is crucial for identifying new targets for GBM therapy.
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SLCO4A1-AS1 is a lncRNA that has been found to be associated with a variety of cancers in previous 
studies. For example, SLCO4A1-AS1 promotes cancer progression by regulating the Hsp90/Cdk2/c-Myc axis in 
colorectal cancer13. SLCO4A1-AS1 can also act as a molecular sponge for miR-508-3p to regulate autophagy and 
proliferation in colorectal cancer cells by upregulating partition-defective 3 (PARD3) expression16. SLCO4A1-
AS1 can promote the proliferation and metastasis of gastric cancer by interacting with miR-149 and enhancing 
the expression of the X-linked inhibitor of apoptosis (XIAP)17. It also antagonizes TOX4/NTSR1 signaling to 
affect lung cancer cell migration and invasion18. However, its role in glioma is unknown.

In this study, we screened SE-driven SLCO4A1-AS1 through multiple databases and found that its expression 
was upregulated in GBM and associated with a poor prognosis. We further validated the biological function of 
SLCO4A1-AS1 in vitro experiments and found that VX-11e can play an inhibitory role in GBM by targeting 
SLCO4A1-AS1, providing a valuable approach for the treatment of GBM.

Results
Identification of highly expressed genes in GBM
According to previous studies, undifferentiated glioma stem cells (GSCs) cultured in NBE (Neurobasal media 
with EGF and bFGF) have stronger tumor formation and self-renewal ability compared to differentiated GBM 
cells (DGCs) cultured in serum conditions19. We first screened 100 genes that were significantly upregulated 
in MGG4, MGG6, and MGG8 cultured in NBE compared to those cultured in serum conditions through the 
GSE54791 database and took the intersection to obtain 10 highly expressed genes (Fig. 1A, B). Among them, 
OLIG2 has been identified as a specific marker for the diagnosis of oligodendroglial tumor cells in previous 
studies20. ASCL1 is involved in efficient reprogramming of glioma cells into non-proliferating neurons and 
inhibiting tumor growth21. S100B promotes the infiltration of tumor-associated macrophages by upregulating 
CCL2, leading to the growth of glioma22. The role of SLCO4A1-AS1 in gliomas has not been reported, and this 
article solely focuses on SLCO4A1-AS1. SLCO4A1-AS1 expression was also significantly upregulated in GBM 
by analyzing the TCGA combined GTEx database (Fig. 1C). We validated our findings by analyzing the GSE4536 
dataset and found that SLCO4A1-AS1 expression levels were significantly reduced when cells were cultured in 
serum-containing NBE, implying that SLCO4A1-AS1 is associated with the stemness of GSCs (Fig. 1D–G).

SLCO4A1-AS1 expression was associated with clinical characteristics
Asymmetric distributions of SLCO4A1-AS1 expression and clinical information were observed. Analyzing the 
data from TCGA, GTEx and the GSE44971 dataset, we identified significant overexpression of SLCO4A1-AS1 
in tumor tissues (P < 0.05, Fig. 2A, B). Furthermore, we investigated its association with grade, age, isocitrate 
dehydrogenase (IDH) status, 1p/19q co-deletion, and tumor type in TCGA and CGGA datasets (Fig. 2C–K). 
Our findings indicated that SLCO4A1-AS1 expression is significantly upregulated in higher-grade gliomas 
and in patients aged 45 years and older. Additionally, IDH-wildtype and 1p/19q non-codeletion are associated 
with a worse prognosis in gliomas23, our study found that SLCO4A1-AS1 levels were elevated in IDH-wildtype 
and 1p/19q non-codeletion gliomas. In the CGGA database, there were no statistically significant differences 
in patient age or IDH status between the high and low expression groups of SLCO4A1-AS1. In contrast, in 
the TCGA database, we observed statistically significant differences in patient age and IDH status between 
the high and low expression groups of SLCO4A1-AS1. This discrepancy may be attributable to the relatively 
smaller sample size in the CGGA dataset. Moreover, SLCO4A1-AS1 expression levels were higher in recurrent 
gliomas compared to primary gliomas. We next investigated the expression level of SLCO4A1-AS1 in different 
molecular subtypes and found it to be higher in mesenchymal (MES) and classical (CL) subtypes than in the 
neural (NE) and proneural (PN) subtypes (Fig. 2L), and the subtype MES is overrepresented in tumors with high 
expression of SLCO4A1-AS1 (Fig. 2M). Gene Set Enrichment Analysis (GSEA) revealed that glioma samples 
with high SLCO4A1-AS1 expression were enriched in the MES subtype (Fig. 2N). Correlation analysis showed 
that MES markers were upregulated in the high expression group, whereas PN markers showed the opposite 
trend (Fig. 2O), and similar trends were observed for MES signature genes (Fig. 2P, Q). MES GBM is highly 
aggressive and has a poor prognosis, and the above analysis supported our previous finding that SLCO4A1-AS1 
is associated with highly malignant brain tumors.

Impact of SLCO4A1-AS1 and clinical characteristics on glioma prognosis
In the TCGA database, univariate Cox regression analysis showed that WHO grade, IDH mutation status, 
1p/19q codeletion status, age and SLCO4A1-AS1 expression level were associated with overall survival (OS). 
Multivariate analysis revealed that WHO grade (HR = 2.341; 95% CI: 1.412–3.881, P < 0.001), IDH mutation 
status (HR = 0.284; 95% CI: 0.175–0.460, P < 0.001), 1p/19q codeletion status (HR = 0.467; 95% CI: 0.252–0.865, 
P < 0.05), age (HR = 1.053; 95% CI: 1.039–1.068, P < 0.001) and SLCO4A1-AS1 expression level (HR = 1.366; 
95% CI: 1.001–1.864, P < 0.05) were independent prognostic factors for OS in glioma (Fig. 3A). The results of 
the analyses in the CGGA database were similar to those in the TCGA database (Fig. 3B). Subsequently, Kaplan–
Meier survival analysis showed that patients with elevated SLCO4A1-AS1 expression had a worse prognosis 
in all glioma, lower-grade gliomas (LGG), and GBM groups. However, in the TCGA database, the prognostic 
impact of SLCO4A1-AS1 in GBM was not significant. This lack of significance may be attributed to the missing 
survival data for some GBM patients in the TCGA dataset (Fig. 3C). In the CGGA database, survival analysis 
with the method described above showed similar results (Fig. 3D). In addition, we evaluated the prognosis of 
patients based on different clinical characteristics (Fig. S1). All of the above results implied that SLCO4A1-AS1 
is a potential biomarker for GBM prognosis.
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Enrichment analysis of differentially expressed genes
To investigate the potential mechanisms of SLCO4A1-AS1 affecting glioma progression, glioma samples from 
the TCGA dataset were divided into SLCO4A1-AS1 high and low expression groups for analysis of differentially 
expressed genes. A total of 2357 differentially expressed genes (DEGs) were identified. The enriched terms in 

Fig. 1.  SLCO4A1-AS1 expression is upregulated in GBM. (A) The venn diagram shows the intersection of 
genes up-regulated in MGG4, MGG6 and MGG8 cultured under NBE conditions compared to culturing 
in serum conditions according to GSE54791 database. (B) Expression of identified genes in GSC and DGC 
according to GSE54791 database. (C) Expression of identified genes in GBM and normal brain tissue. (D, E) 
Volcano plot showing DEGs between GSCs and DGCs in 1228 cells (D) and 0308 cells (E) in the GSE4536 
database. (F, G) The comparison of SLCO4A1-AS1 expression in GSC 1228 (F) and GSC 0308 (G) cultured 
under NBE and FBS conditions according to multiple probe sets of GSE4536 dataset. Significant statistical 
differences between the two groups were assessed using the Mann–Whitney test. NS, not statistically 
significant; * P < 0.05; ** P < 0.01; *** P < 0.001.
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the biological process (BP), cellular component (CC), and molecular function (MF) and the enriched Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways were antigen processing and presentation of peptide 
antigen, regulation of T-cell activation, macrophage migration, synaptic membrane, major histocompatibility 
complex (MHC) class II protein complex, MHC protein complex, immune receptor activity and ECM-receptor 
interaction (Fig. S2A–D). The results of CGGA database analysis were similar to those of TCGA database 
analysis (Fig. S2E–H). To further reveal the key pathways associated with SLCO4A1-AS1, we performed GSEA, 
and the most important pathways were found to be cell chemokine, regulation of immune effector process, 
lymphocyte mediated immunity, inflammatory response and activation, and migration of macrophages and 
T cells (Fig. S2I). We also used the “HALLMARK” gene sets for DEGs enrichment, which showed significant 
enrichment in cancer activation pathways, inflammatory responses, stromal activation pathways and immune-
related pathways (Fig. S2J). These results suggested a possible link between SLCO4A1-AS1 and tumor immune 
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processes and immune cells and may have an impact on the induction and chemotaxis of macrophages and T 
cells in the TME.

SLCO4A1-AS1 was associated with TME
To investigate the relationship between SLCO4A1-AS1 and TME, we assessed immune cells using the 
CIBERSORT algorithm and performed correlation analysis (Fig. S3A). The results showed an association with 
macrophages and T cells and differed between the two groups (Fig. S3B), validating our previous results. We 
also found that immunosuppressive cells such as Tregs and neutrophils were upregulated, which may promote 
the formation of an immunosuppressive microenvironment in glioma24. We further quantified the immune cells 
in the samples using the single-sample GSEA (ssGSEA) algorithm, and the analysis showed that most immune 
cells were increased in the SLCO4A1-AS1 high expression group, including tumor-associated macrophages (Fig. 
S3C). We further found that patients with high macrophage infiltration and high SLCO4A1-AS1 expression had 
the worst prognosis (Fig. S3D).

Stromal cells and immune cells were also found to be present in tumor samples and are involved in cytokine 
production and signal transmission, potentially influencing tumor immunotherapy and promoting immune 
escape. We found higher stromal, immune and ESTIMATE scores in the high expression group (Fig. S3E). 
Immune checkpoints are molecules expressed in immune cells and high expression of immune checkpoints 
in tumor cells promotes immune escape and greatly increases the difficulty of treatment. We comprehensively 
evaluated the relationship between SLCO4A1-AS1 and immune checkpoints using two databases, and the 
results showed correlations except for T-cell immunoreceptor with Ig and ITIM domains (TIGIT) (Fig. S3F), 
also implying that SLCO4A1-AS1 might become a key lncRNA for immune escape of tumor cells. In addition, 
we evaluated the correlation with chemokine receptors, chemokines, and human leukocyte antigen (HLA) 
genes. As shown in Fig. S3G-I, there was an association with all of these genes, further revealing the important 
role of SLCO4A1-AS1 for the TME.

To further understand the impact of SLCO4A1-AS1 on the biological function of gliomas, we analyzed the 
glioma samples using gene set variation analysis (GSVA). The results showed that cancer-related pathways in the 
high expression group were in an activated state, including DNA repair, antigen processing and presentation, 
and signaling pathways related to immune cell receptors. Some of the classical cancer signaling pathways were 
also significantly upregulated, such as apoptosis, the JAK-STAT signal pathway and the p53 pathway (Fig. S4A, 
B). Moreover, we found that signaling pathways of inflammation were also activated (Fig. S4C). The activation 
of stromal cells has an important impact on the weakening effect of immunotherapy. Therefore, we evaluated the 
signaling pathways associated with stromal activation (Fig. S4D) and showed a positive correlation with all of the 
results, suggesting its possible involvement in immunotherapy resistance by influencing stromal activation. The 
tumor immune cycle is the process by which immune cells recognize and kill tumor cells, and specific targeting 
of early steps may facilitate the killing of tumor cells by immune cells. We found that most immune cycle steps 
were upregulated in the SLCO4A1-AS1 high expression group (Fig. S4E). To explore whether SLCO4A1-AS1 is 
involved in the malignant progression of glioma, we analyzed single-cell sequencing data (GSE103224) and found 
that the expression of SLCO4A1-AS1 was significantly elevated in malignant glioma, indicating that it may be an 
important biomarker for the diagnosis of glioma (Fig. S4F). High expression of the stemness index predicts the 
active biological behavior of tumor cells and is strongly associated with poor prognosis, recurrence after surgery, 
drug resistance and immunotherapy resistance. The upregulation of the stemness index in the SLCO4A1-AS1 
high-expression group also implied that it may play an important role in GSCs (Fig. S4G). Different mutated 
genes affect the response to immunotherapy differently. We analyzed glioma somatic mutations in the TCGA 
dataset by grouping them according to SLCO4A1-AS1 expression. The findings showed that SLCO4A1-AS1 was 
positively correlated with tumor mutation burden (TMB) (Fig. S4H) and that patients in the high SLCO4A1-
AS1 expression and high TMB groups had the worst prognosis, while those with low SLCO4A1-AS1 expression 
and low TMB had a better prognosis (Fig. S4I). The sensitivity of the diagnosis could be improved by a combined 
analysis of SLCO4A1-AS1 and TMB. Both IDH and capicua (CIC) mutation frequencies were increased in the 
low expression group, which was also associated with a good prognosis for the patients (Fig. S4J). Mismatch 

Fig. 2.  Association between SLCO4A1-AS1 and clinical characteristics. (A) SLCO4A1-AS1 expression 
levels were elevated in gliomas. The data were obtained from TCGA and GTEx datasets. (B) SLCO4A1-AS1 
expression levels in glioma and normal tissues based on GSE44971. (C, D) Expression levels of SLCO4A1-AS1 
in different WHO grades in the TCGA and CGGA datasets. (E, F) Distribution of SLCO4A1-AS1 in different 
ages in TCGA and CGGA datasets. (G, H) Relationship between the SLCO4A1-AS1 expression level and IDH 
mutation status in the TCGA and CGGA datasets. (I, J) Expression of SLCO4A1-AS1 in the 1p/19q codeletion 
(codel) and non-codel groups in TCGA and CGGA datasets. (K) SLCO4A1-AS1 is upregulated in recurrent 
types. The data were obtained from CGGA dataset. (L) SLCO4A1-AS1 expression is increased in MES types 
in the TCGA dataset. (M) Proportions of glioma samples with various subtypes. The data were obtained from 
TCGA dataset. (N) MES signature of GSEA. The data were obtained from TCGA dataset. (O) Differential 
expression analysis of MES markers (FN1, TIMP1, CD44, SERPINE1 and CHI3L1) and PN markers (NCAM1 
and ASCL1) in the high SLCO4A1-AS1 and low SLCO4A1-AS1 expression groups. The data were obtained 
from TCGA dataset. (P, Q) Differential expression analysis of MES signature markers in TCGA (P) and CGGA 
(Q). Significant statistical differences between the two groups were assessed using the Mann–Whitney test. 
Significant statistical differences among more than the two groups were assessed using the Kruskal–Wallis test. 
The data were obtained from TCGA and CGGA datasets. NS, not statistically significant; * P < 0.05; ** P < 0.01; 
*** P < 0.001.
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repair genes are capable of repairing faulty nucleotide sequences and are a major regulator of tumor progression. 
We evaluated the correlation of SLCO4A1-AS1 with mismatch repair genes and showed that the mismatch 
repair system is also involved in tumor progression in concert with SLCO4A1-AS1 (Fig. S5A). In addition, 
microsatellite instability (MSI) was also negatively correlated with SLCO4A1-AS1 (Fig. S5B). We repeated the 
above analysis in CGGA and the results were consistent with the predicted results (Fig. S5C–G).

Fig. 3.  Prognostic analysis associated with SLCO4A1-AS1. (A, B) Plots show univariate and multivariate 
analysis in TCGA (A) and CGGA (B). (C, D) Poor prognosis for patients with high SLCO4A1-AS1 expression 
in TCGA (C) and CGGA (D).
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SLCO4A1-AS1 knockdown inhibited the growth and invasion ability of GBM and enhanced 
apoptosis
Initially, we analyzed the expression levels of SLCO4A1-AS1 in different glioma cells by qRT-PCR. SLCO4A1-
AS1 was expressed at higher levels in GBM cell lines (LN229, A172 and U118) and GSCs (GBM#P3, GBM#BG5 
and GBM#BG7) than in normal human astrocytes (NHAs) (Fig. 4A). Two siRNAs were used to knock down 
SLCO4A1-AS1 in GBM cells and patient-derived primary GSCs. After 48  h of incubation, we detected the 
knockdown efficiency (Fig. 4B).

Cell viability was evaluated between 24 and 96 h in parental and knockdown cells, with the latter showing a 
lower proliferation rate (Fig. 4C). The colony-forming ability of GBM cell lines (LN229, A172 and U118) was 
inhibited after knockdown of SLCO4A1-AS1 (Fig. 4D). In the EdU assay, loss of SLCO4A1-AS1 was found to 
cause inhibition of cell growth in the GBM cell lines and GBM#P3 cells (Fig. 4E).

In addition, we continued to investigate the effect of SLCO4A1-AS1 on the invasive ability of GBM cells. 
The results of the transwell assay showed that SLCO4A1-AS1 knockdown reduced the invasive ability of LN229, 
A172 and U118 cells (Fig. 5A, B). In the 3D tumor sphere invasion assay, knockdown of SLCO4A1-AS1 led 
to a decrease in the relative invasion ability of the spheres. (Fig. 5C, D). Next, apoptosis in GBM cell lines and 
GBM#P3 cells was detected by flow cytometry. The proportion of apoptotic cell death was increased in the 
SLCO4A1-AS1-deficient LN229, A172, U118, and GBM#P3 cell groups (Fig. 5E, F).

Knockdown of SLCO4A1-AS1 significantly suppressed the stemness of GSCs
First, we found a significant positive correlation between SLCO4A1-AS1 and stemness markers SOX2, OLIG2, 
NES and CD133 by analyzing the GSE4536 database (Fig. 6A). We examined that SLCO4A1-AS1 expression 
was significantly upregulated in GSCs cultured in NBE compared to DGCs cultured in media containing serum 
(Fig. 6B). CD15, CD133 and GFAP were used to validate the differentiation of GSCs (Fig. 6C). In GBM#P3 
and GBM#BG5, we also found that stemness markers were also significantly downregulated after SLCO4A1-
AS1 knockdown, while the differentiation marker GFAP was significantly upregulated (Fig. 6D, E). In addition, 
SLCO4A1-AS1 knockdown significantly reduced sphere formation capacity and tumor sphere expansion 
capacity (Fig. 6F, G).

SEs may drive SLCO4A1-AS1 expression
To explore the epigenetic regulation of SLCO4A1-AS1 in GSCs, we analyzed the chromatin landscape of 
GSCs and matched DGCs and found significantly active SLCO4A1-AS1 SEs in GSCs measured by H3K27ac 
peak levels, which was in accordance with the previous conclusion that the expression of SLCO4A1-AS1 was 
upregulated in GSCs (Fig.  1F, G). Next, we used GSC-derived H3K27ac, SOX2, and OLIG2 ChIP-Seq data 
and found that stemness markers SOX2 and OLIG2 might be underlying drivers of SLCO4A1-AS1 expression 
(Fig. 7A). Moreover, knockdown of SOX2 also decreased the expression of SLCO4A1-AS1, whereas knockdown 
of OLIG2 did not have a significant effect on SLCO4A1-AS1 expression, suggesting that SLCO4A1-AS1 
expression might be driven by SOX2 (Fig. 7B, C). Transcriptional coactivators can regulate the expression of SE-
related genes, prominently bromodomain-containing protein 4 (BRD4). Inhibition of BRD4 could downregulate 
the expression of SE-driven genes, and the BRD4 inhibitor JQ1 downregulated SLCO4A1-AS1 expression in 
three GSC lines (Fig. 7D), confirming that SLCO4A1-AS1 expression is driven by a SE.

SLCO4A1-AS1 contributed to the selection of chemotherapeutic drugs and the prediction of 
immunotherapy efficacy
To investigate the predictive role of SLCO4A1-AS1 on drug selection for the treatment of tumors and to help 
the use of drugs in clinical medicine, we screened 144 drugs associated with SLCO4A1-AS1 in gliomas using the 
Genomics of Drug Sensitivity in Cancer (GDSC) database, of which 125 were sensitive and 19 were insensitive to 
patients with high SLCO4A1-AS1 expression. We listed the top 30 most sensitive drugs and 19 insensitive drugs 
(Fig. 8A). The pathways targeted by these drugs were analyzed and the insensitive drugs were mainly enriched 
in the EGFR signaling pathway (Fig. 8B), while the sensitive drugs mainly targeted the ERK MAPK signaling 
pathway (Fig. 8C). We further used the “pRRophetic” package to predict the sensitivity of glioma samples to 
various drugs and it was found that commonly used chemotherapy drugs such as cisplatin, cytarabine, nilotinib, 
temozolomide and vinblastine may have better efficacy in patients with high SLCO4A1-AS1 expression (Fig. S6). 
In conclusion, it showed that SLCO4A1-AS1 was correlated with a variety of chemotherapeutic drugs, which is 
important for the treatment of cancer patients in the clinic.

Immunotherapy is a highly regarded new treatment option that kills cancer cells by activating the immune 
system. Immunotherapy for gliomas is also one of the most promising treatment modalities available. Thus, we 
used the GSE121810 database to evaluate the roles of SLCO4A1-AS1 in the efficacy of neoadjuvant anti-PD-1 
immunotherapy for recurrent GBM. The clinical status of the patients is shown in Fig. 8D. The analysis showed 
that patients with low expression of SLCO4A1-AS1 had a better prognosis after immunotherapy (Fig. 8E), and 
the ROC curve showed that SLCO4A1-AS1 had a better predictive effect on OS (AUC = 0.719; Fig. 8F), which 
may provide a new strategy for patients with poor treatment outcomes.

We also evaluated the efficacy of immunotherapy in glioma patients using the TIDE tool. The higher 
TIDE scores in the high SLCO4A1-AS1 expression group implied a greater likelihood of immune escape, a 
poorer response to immunotherapy (Fig. 8G), and a poorer prognosis for patients in the high TIDE scoring 
group (Fig. 8H). The prediction of immunotherapy effectiveness in glioma samples was also consistent with 
our prediction that patients with high SLCO4A1-AS1 expression had poorer and statistically significant 
immunotherapy effectiveness (Fig. 8I). The ROC curve results showed that SLCO4A1-AS1 had a good ability 
to predict immunotherapy effectiveness in glioma patients (Fig. 8J). To increase the reliability of the results, we 
used The Cancer Immunome Atlas (TCIA) online software to make predictions, with a high Immunophenotype 
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Fig. 4.  Knockdown of SLCO4A1-AS1 affects glioma cell proliferation. (A) Based on qRT‒PCR analysis, the 
SLCO4A1-AS1 expression levels in LN229, A172, U118, GBM#P3, GBM#BG5 and GBM#BG7 cells were 
higher than those in NHA (n = 3). (B) Knockdown efficiency of siRNAs in LN229, A172, U118, GBM#P3 
and GBM#BG5 cells (n = 3). (C) CCK-8 assay results showing that knockdown of SLCO4A1-AS1 inhibits 
the proliferation of LN229, A172, U118 and GBM#P3 cells (n = 3). (D) Transfection with siRNAs targeting 
SLCO4A1-AS1 reduces the colony-forming ability of LN229, A172 and U118 cells (n = 3). (E) Proliferative 
activity of glioma cells after knockdown of SLCO4A1-AS1 analyzed by EdU assay (n = 3). Scale bar = 50 μm. 
Data are presented as the mean ± SD. NS, not statistically significant; * P < 0.05; ** P < 0.01; *** P < 0.001. 
2-way ANOVA (C) and 1-way ANOVA (A, B, D and E) were used for data analysis.
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Fig. 5.  Invasion and apoptosis assay. (A) Transwell assay showing that knockdown of SLCO4A1-AS1 reduced 
the invasive ability of LN229, A172, and U118 cells (n = 3). Scale bar = 100 μm. (B) Quantitative analysis of the 
transwell assay results to assess the invasion ability of glioma cells following SLCO4A1-AS1 knockdown. (C) 
3D tumor sphere invasion assay to assess the invasive capacity of GBM#P3 after knockdown of SLCO4A1-AS1 
(n = 3). Scale bar = 100 μm. (D) Quantitative analysis of the 3D tumor sphere invasion assay results to assess 
the invasive ability of GBM#P3 following SLCO4A1-AS1 knockdown. (E) Annexin V staining of LN229, A172, 
U118, and GBM#P3 cells following SLCO4A1-AS1 knockdown (n = 3). (F) Quantitative analysis of Annexin V 
staining in LN229, A172, U118, and GBM#P3 cells following SLCO4A1-AS1 knockdown. Data are presented 
as the mean ± SD. NS, not statistically significant; * P < 0.05; ** P < 0.01; *** P < 0.001. 1-way ANOVA was used 
for data analysis.
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Fig. 6.  Knockdown of SLCO4A1-AS1 downregulates stemness markers in GSC. (A) Significant positive 
correlation between SLCO4A1-AS1 and stemness markers in GSE4536. (B) SLCO4A1-AS1 expression in 
GSC and matched DGC measured by qRT-PCR (n = 3). (C) CD15, CD133and GFAP expression in GSC 
and matched DGC measured by qRT-PCR (n = 3). (D, E) Expression of SOX2, OLIG2, NES, CD133 and 
GFAP after knockdown of SLCO4A1-AS1 in GBM#P3 (D) and GBM#BG5 (E) (n = 3). (F, G) Knockdown of 
SLCO4A1-AS1 reduced sphere forming ability (F) and tumor sphere expansion capacity (G) in GBM#P3 and 
GBM#BG5 (n = 3). Scale bar = 50 μm. Data are presented as the mean ± SD. NS, not statistically significant; * 
P < 0.05; ** P < 0.01; *** P < 0.001. Student’s t-test (B, C), 1-way ANOVA (D, E, G) and 2-way ANOVA (D, E) 
were used for data analysis.
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Score (IPS) representing a possible better response to anti-PD-1 and anti-CTLA-4. From the results, it is clear 
that the low expression group may have better responsiveness to immunotherapy, consistent with the results of 
the previous analysis (Fig. 8K–N).

SLCO4A1-AS1 reversed the effects of VX-11e on proliferation, invasion, apoptosis, and 
stemness of GBM
AZD558225, 5-Fluorouracil26, and AZD776227 had been validated to have important roles in inhibiting glioma 
development and progression in previous studies, suggesting that the drug sensitivity analyses we conducted are 
valuable. VX-11e is an ERK inhibitor that has been reported to have therapeutic effects in multiple diseases28–30; 
however, the role of VX-11e in GBM has not yet been reported. The CCK-8 assay demonstrated that GBM cells 
had higher sensitivity to VX-11e compared to NHAs and that GBM cells with high expression of SLCO4A1-
AS1 were more sensitive to VX-11e (Fig.  9A). We also found VX-11e treatment reduced the expression of 
SLCO4A1-AS1 in cells. This effect was reversed by overexpressing the gene through transfection, and functional 
characteristics in the cells, such as proliferation, colony formation, and apoptosis, were evaluated (Fig.  9B). 
The results of the CCK-8 and colony formation assays showed that overexpression of SLCO4A1-AS1 reversed 
the proliferation inhibitory effect of VX-11e on GBM cells (Fig.  9C, D). Overexpression of SLCO4A1-AS1 
also rescued the decrease in invasive ability (Fig. 9E) and increase in apoptosis caused by VX-11e (Fig. 9F). 
Furthermore, overexpression of SLCO4A1-AS1 rescued the downregulation of stemness markers (Fig. 10A, B), 
sphere formation capacity and tumor sphere expansion capacity caused by VX-11e (Fig. 10C, D).

Role of SLCO4A1-AS1 in pan-cancer
We investigated the potential effect of SLCO4A1-AS1 in pan-cancer and found that SLCO4A1-AS1 was 
differentially expressed in most cancers by comparison with normal samples (Fig. S7A, B). SLCO4A1-AS1 
was expressed at higher levels in cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), pancreatic 
adenocarcinoma (PAAD), rectum adenocarcinoma (READ), and stomach adenocarcinoma (STAD) than 
the corresponding normal tissues. In contrast, the expression levels were lower in breast invasive carcinoma 
(BRCA), head and neck squamous cell carcinoma (HNSC), kidney chromophobe carcinoma (KICH), liver 
hepatocellular carcinoma (LIHC), pheochromocytoma and paraganglioma (PCPG), and thymoma (THYM) 
samples. In adrenocortical carcinoma (ACC), COAD, esophageal carcinoma (ESCA), kidney renal clear cell 
carcinoma (KIRC), PAAD, testicular germ cell tumor (TGCT), and thyroid carcinoma (THCA), the expression 
levels of SLCO4A1-AS1 were associated with stage (Fig. S7C). SLCO4A1-AS1 was related to age in LIHC and 

Fig. 7.  SOX2 and SEs in GSC could drive SLCO4A1-AS1 expression. (A) ChIP-seq profiles of H3K27ac 
in GSCs and DGCs. (B) Expression levels of SLCO4A1-AS1 and SOX2 after SOX2 knockdown (n = 3). (C) 
Expression levels of SLCO4A1-AS1 and OLIG2 after OLIG2 knockdown (n = 3). (D) BRD4 inhibitor JQ1 could 
downregulate SLCO4A1-AS1 expression (n = 3). Data are presented as the mean ± SD. NS, not statistically 
significant; * P < 0.05; ** P < 0.01; *** P < 0.001. 2-way ANOVA was used for data analysis.
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THCA and correlated with survival status in HNSC and uveal melanoma (UVM) (Fig. S7D, E). Radar plots 
revealed that SLCO4A1-AS1 was associated with MSI in 5 cancers and associated with TMB in 7 cancers (Fig. 
S7F, G). Next, we evaluated TME scoring in other tumors (Fig. S7H-K). Furthermore, we investigated the impact 
of SLCO4A1-AS1 on prognosis in other cancers (Figs. S8, S9), and the results showed that the upregulation of 
SLCO4A1-AS1 expression had an unfavorable prognostic impact in most cancers. However, it was favorable for 
patient prognosis in cancers such as HNSC and UVM. In most cancers, SLCO4A1-AS1 was positively correlated 
with immune checkpoint expression, immune cell response and HLA gene expression, as well as evaluated for 
correlation with tumor neoantigens (Figs. S10, S11).
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Discussion
Glioma is a common type of intracranial tumor, and treatment with existing methods cannot significantly 
improve the prognosis31. Therefore, there is a need to find an effective and accurate biomarker to evaluate 
glioma prognosis. SLCO4A1-AS1 is located on chromosome 20 and previous findings suggested that SLCO4A1-
AS1 is elevated in a variety of cancers, including colorectal cancer16,32,33, bladder cancer34, laryngeal squamous 
cell carcinoma35 and gastric cancer17,36. SLCO4A1-AS1 can also act as a protective factor influencing tumor 
progression. An analysis of public databases found that high expression of SLCO4A1-AS1 may have a better 
prognosis for UVM37. In an analysis of data from multiple glioma databases, we found that SLCO4A1-AS1 
expression was upregulated in GBM samples and correlated with GBM stemness. By analyzing clinical data from 
the TCGA and CGGA databases, we also found that SLCO4A1-AS1 was associated with clinical characteristics 
and prognosis. Molecular subtypes were predictive of glioma prognosis, and SLCO4A1-AS1 was expressed at the 
highest level in the MES subtype with the worst prognosis38.

According to previous reports showing that lncRNAs also affect the TME, for example, the lncRNA CamK-A 
leads to cancer microenvironment remodeling by participating in Ca2+ -dependent cell signaling pathways that 
influence macrophage recruitment, angiogenesis, and tumor progression39. LincRNA-Cox2 regulates epigenetic 
chromatin remodeling and macrophage inflammatory gene transactivation by acting as a coactivator of NF-
κB40. We also focused on the role of SLCO4A1-AS1 in TME and listed the enrichment of DEGs in immune 
functions such as antigen processing and presentation, synaptic membranes, and ECM-receptor interactions41. 
GSEA had also found that SLCO4A1-AS1 is associated with immune cell chemotaxis and modulation of immune 
responses42.This finding suggested that SLCO4A1-AS1 is important in shaping a specific immunosuppressive 
microenvironment.

In the past decade, immunotherapy has been considered a new strategy for the treatment of glioma43. Immune 
genes related to glioma have been reported previously44,45. However, the efficacy of immunotherapy in patients with 
glioma has not met expectations. Therefore, exploring the mechanisms of glioma resistance to immunotherapy 
may be the current solution46. Based on the ESTIMATE algorithm, samples with low tumor purity showed higher 
stromal and immune scores47,48. Patients with gliomas of low tumor purity were usually diagnosed with high-
grade gliomas and had a worse prognosis14, whereas higher immune scores and stromal scores tend to indicate 
a higher immune cell infiltration. Our analysis similarly showed increased infiltration of multiple immune 
cells in the SLCO4A1-AS1 high expression group. Furthermore, ssGSEA showed that macrophages were the 
immune cells most closely associated with SLCO4A1-AS1 expression. According to previous studies, increased 
macrophage infiltration may be associated with immunosuppression and affect the immune microenvironment 
through phenotypic transformation, the release of cytokines and extracellular matrix proteases, suppression of 
the inflammatory immune response, and promotion of tumor growth, invasion, and angiogenesis, factors that 
may be associated with the shorter OS times observed in the high expression group49–51. Glioma samples with 
high SLCO4A1-AS1 expression often had high levels of Th2 cell infiltration, which has previously been studied 
as a potential link between immunosuppression and low survival rates52, suggesting that SLCO4A1-AS1 may be 
involved in the immune escape of glioma cells. When further investigating the mechanism behind SLCO4A1-
AS1 and immune cell infiltration, we found that multiple chemokines showed a tendency to be highly expressed 
in the SLCO4A1-AS1 high expression group, and the high expression of chemokines could promote immune 
cell infiltration. We also found that the expression of almost all immune checkpoints positively correlated with 
the expression of SLCO4A1-AS1, further revealing its cause of immunosuppression, which may be a new target 
for ICB therapy53,54. GSVA showed that multiple immune functions, oncogenic pathways and stromal pathways 
were activated in the SLCO4A1-AS1 high expression group, revealing that SLCO4A1-AS1 is involved in the 
malignant progression of glioma in multiple ways. Previous studies have shown that activation of stromal cells 
in the TME can induce T-cell suppression55, which can attenuate tumor responses to immunotherapy56. The 
SLCO4A1-AS1 high expression group also exhibited higher levels of DNA damage repair activity and DNA 
damage repair is related to tumor resistance to chemotherapy or radiotherapy, further revealing the reasons for 
the difficulty in treating gliomas57,58. SLCO4A1-AS1 was positively correlated with TMB, which may influence 
the production of immunogenic peptides and thus affect the response to immunotherapy59,60. Moreover, patients 

Fig. 8.  Drug sensitivity analysis and prediction of immunotherapy effectiveness. (A) List of drugs related to 
SLCO4A1-AS1. The horizontal axis represents the names of the drugs, while the vertical axis indicates the 
correlation coefficients between drug sensitivity and SLCO4A1-AS1 expression levels. The colors of the bars 
represent the statistical P value. (B) Targeted pathways of drug resistance. (C) Targeting pathways for sensitive 
drugs. The horizontal axis represents the names of the drugs, while the vertical axis indicates the signaling 
pathways targeted by these drugs. The bar graph on the right side of the plot displays the number of drugs 
targeting each specific pathway. The colors of the points represent the correlation coefficients between drug 
sensitivity and SLCO4A1-AS1 expression levels. (D) Distribution of clinical characteristics of patients in the 
GSE121810 database. (E) GBM patients with high SLCO4A1-AS1 expression had a poorer prognosis after 
receiving immunotherapy. (F) ROC curves showed that SLCO4A1-AS1 had high accuracy in predicting OS in 
GBM patients receiving immunotherapy. (G) Higher TIDE scoring in the high expression group. (H) Patients 
with high TIDE score have a poorer prognosis. (I) Immunotherapy was more effective in the low expression 
group. (J) ROC curves for predicting the effectiveness of immunotherapy. (K–N) Lower expression group has 
higher IPS and may have better immunotherapy responsiveness. Significant statistical differences between the 
two groups were assessed using the Mann–Whitney test. NS, not statistically significant; * P < 0.05; ** P < 0.01; 
*** P < 0.001.
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Fig. 9.  Overexpression of SLCO4A1-AS1 could reverse the effect of VX-11e on GBM. (A) Cell viability of 
NHA, LN229, A172, U118, GBM#P3, and GBM#BG5 after 48 h of treatment with VX-11e (n = 3). (B) qRT-
PCR was performed to examine SLCO4A1-AS1 expression in GBM cells under the conditions indicated 
(n = 3). (C, D) CCK-8 (C) and colony formation (D) assays examined the proliferative capacity of cells (n = 3). 
(E) Overexpression of SLCO4A1-AS1 could reverse the inhibitory effect of VX-11e on invasion of GBM cells 
(n = 3). Scale bar = 100 μm. (F) Apoptosis assay results of GBM cells under the indicated conditions (n = 3). 
Data are presented as the mean ± SD. NS, not statistically significant; * P < 0.05; ** P < 0.01; *** P < 0.001. 
1-way ANOVA was used for data analysis.
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with high SLCO4A1-AS1 expression had lower IDH and CIC mutation frequencies, which is not beneficial to 
the prognosis of patients with glioma, consistent with our previous speculation61.

Through in vitro functional experiments, we found that downregulation of SLCO4A1-AS1 expression levels 
significantly reduced glioma cell proliferation, invasion, self-renewal and tumor sphere formation capacity, and 
increased apoptosis of glioma cells. Downregulation of SLCO4A1-AS1 also induced a decrease in the expression 
of multiple stemness markers.

SE had been found to drive high expression of key genes in cancer, and recent studies had identified a role 
for several genes encoding proteins driven by SE in GBM. But the role of SE-driven lncRNAs in GBM was 
still rarely reported. Analyzing epigenetics, we found that inhibition of the transcriptional co-activator factor 

Fig. 10.  Overexpression of SLCO4A1-AS1 could rescue the inhibitory effect of VX-11e on GSC stemness. 
(A, B) qRT-PCR was performed to examine the expression of stemness markers after treatment under the 
conditions indicated in GBM#P3 (A) and GBM#BG5 (B) (n = 3). (C, D) Sphere forming ability (C) and tumor 
sphere expansion capacity (D) were examined after treatment with the indicated conditions in GBM#P3 and 
GBM#BG5 (n = 3). Scale bar = 50 μm. Data are presented as the mean ± SD. NS, not statistically significant; * 
P < 0.05; ** P < 0.01; *** P < 0.001. 1-way ANOVA was used for data analysis.

 

Scientific Reports |          (2025) 15:954 15| https://doi.org/10.1038/s41598-024-82109-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


BRD4, which is associated with SE-driven genes, suppressed the expression of SLCO4A1-AS1. Knockdown of 
SOX2 also reduced SLCO4A1-AS1 expression. These results suggested that the high expression of SLCO4A1-
AS1 may be driven by SEs and may be regulated by the stemness transcription factor SOX2, but the underlying 
mechanisms still need to be further explored. SE-related genes play a key role in the malignant behavior of 
tumor cells and targeting SE-related genes has become a promising therapeutic strategy in cancer treatment, 
so we evaluated the therapeutic role played by SLCO4A1-AS1 in GBM and performed sensitivity prediction of 
commonly used chemotherapeutic drugs by combining the GDSC database and the expression of SLCO4A1-
AS1. The results showed that VX-11e might play an inhibitory role in GBM by targeting SLCO4A1-AS1. GBM 
cells with high expression of SLCO4A1-AS1 were more sensitive to VX-11e. In vitro experiments further showed 
that VX-11e could decrease the proliferation, invasion and self-renewal ability of GBM and overexpression of 
SLCO4A1-AS1 could rescue the inhibitory effect of VX-11e on GBM. Thus, SLCO4A1-AS1 could be a potential 
target for GBM therapy. Although this study revealed the association between SLCO4A1-AS1 and GBM, there 
were still some limitations. For example, the relationship between the SEs and SLCO4A1-AS1 required more 
studies to reveal the underlying mechanisms. Secondly, the inhibitory effect of VX-11e on GBM required in vivo 
functional assays to further validate the findings. Overall, SLCO4A1-AS1 may be a potential marker for GBM 
treatment and prognosis.

In conclusion, we found that high SLCO4A1-AS1 expression predicted poor prognosis, greater self-renewal 
and tumor sphere expansion capacity. SE-driven SLCO4A1-AS1 might be a potential marker of GBM prognosis; 
SLCO4A1-AS1 could serve as a guide for drug selection in GBM patients and assessment of efficacy in patients 
receiving immunotherapy. VX-11e could play an inhibitory role in GBM by targeting SLCO4A1-AS1 and 
provide new ideas for further research and treatment of glioma in the future.

Materials and methods
Data sources
TCGA RNA sequencing (RNA-seq) expression data, GTEx RNA-seq expression data and relevant clinical data 
were downloaded from UCSC XENA (https://xenabrowser.net/datapages/). The RNA-seq data of the GSE44971, 
GSE54791 and GSE4536 datasets were downloaded from the Gene Expression Omnibus (GEO) ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​
n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​​​​​)​. ICB data for GBM were obtained from GSE121810. RNA-seq data and clinical information 
were obtained from CGGA (http://www.cgga.org.cn/) for verification.

Functional enrichment analysis of glioma samples
The R package “limma” was used to identify the DEGs62, and these DEGs were used for GO and KEGG analyses. 
The cutoff criteria for DEGs were: |log2 (fold change)|> 0.5 and P value < 0.05.

Immune infiltration analysis
The ‘ESTIMATE’ algorithm was used to evaluate the TME in glioma patients47. Analysis of immune cell 
proportions in gliomas using the CIBERSORT algorithm63. The immune cells were quantified by the ssGSEA 
algorithm64.

Enrichment analysis of signaling pathways
Use GSVA to calculate scores for immune-related pathways65. ssGSEA was used to score each sample for 
immune-related functional enrichment.

Drug sensitivity prediction
The GDSC database (https://www.cancerrxgene.org/) and the “pRRophetic” package in R were used to predict 
the drug sensitivity of glioma samples. The results were presented in a boxplot generated using ggplot2.

Single-Cell RNA-Sequencing
TISCH2 is a scRNA-seq database (http://tisch.comp-genomics.org) to study tumor development and progression 
by sequencing individual cells to analyze the causes behind cancer development at the cellular level.

Prediction of responsiveness to immunotherapy
Immunotherapy responsiveness was predicted in glioma patients using the TIDE ​(​​​h​t​t​p​:​/​/​t​i​d​e​.​d​f​c​i​.​h​a​r​v​a​r​
d​.​e​d​u​/​​​​​)​, with higher TIDE scores implying a greater likelihood of immune escape and the ineffectiveness of 
immunotherapy. Download IPS data from TCIA (https://tcia.at/home) for different glioma samples to predict 
responsiveness to immunotherapy. A high IPS score indicates a likely better responsiveness to immunotherapy.

Correlation analysis of SLCO4A1-AS1 with tumor neoantigens and prognosis in pan-cancer
We used Sangerbox (http://www.sangerbox.com/tool) to calculate the tumor neoantigens in pan-cancer and 
Spearman correlation analysis to calculate the correlation between tumor neoantigens and SLCO4A1-AS1. We 
also used Sangerbox to assess the expression of SLCO4A1-AS1 in different tumors and its effect on OS, disease-
free survival (DFS), disease-specific survival (DSS) and progression-free survival (PFS) in pan-cancer.

ChIP-seq analysis
BigWig files were obtained from the analysis of GSE54047 and the IGV genome browser was used for visual 
inspection.
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Cell lines and cell cultures
A172, LN229 and U118 cells were purchased from ATCC and cultured in Dulbecco’s modified Eagle’s medium 
(Thermo Fisher Scientific; Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific) and a 1% penicillin–streptomycin mixture. Patient-derived GSCs P3, BG5 and BG7 were previously 
isolated and characterized from GBM surgical specimens. GSCs were cultured in neurobasal medium (Gibco/
Thermo Fisher Scientific) containing 20 ng/mL epidermal growth factor (EGF; PeproTech; East Windsor, NJ, 
USA), 10 ng/mL basic fibroblast growth factor (bFGF; PeproTech) and 2% B-27 Neuro Mix (Thermo Fisher 
Scientific). The medium was changed every 2 to 3 days. NHAs were obtained from Lonza (Walkersville, MD, 
USA) and cultured in astrocyte medium (ScienCell; Carlsbad, CA, USA) supplemented with the contents of the 
Astrocyte Growth Medium BulletKit (ScienCell). GBM cells were treated with VX-11e (MCE, HY-14178, USA) 
for 48 h to verify the role of VX-11e in GBM. The BRD4 inhibitor JQ-1 (MCE, HY-13030, USA) was used to 
verify that SLCO4A1-AS1 expression is driven by SEs.

Cell transfection
LN229, U118, A172, GBM#P3 and GBM#BG5 cells were uniformly seeded in 6-well plates and divided into 
NC, si-SLCO4A1-AS1-1 and si-SLCO4A1-AS1-2 groups. In this article, they are labeled as NC, si-1 and si-
2, respectively. Transient transfections were performed for siRNAs with 4 µL of Lipofectamine 2000 (Thermo 
Fisher Scientific) and 5 µL of siRNA, and plasmids were added to 6-well plates using a ratio of 2  µg:5 µL of 
plasmid to transfection reagent per well. The siRNA sequences targeting SLCO4A1-AS1 were as follows: si-
SLCO4A1-AS1-1, 5′-​C​G​U​C​U​G​C​A​G​C​U​U​A​G​U​G​A​C​A​T​T-3′; si-SLCO4A1-AS1-2, 5′-​A​C​U​C​U​G​A​A​U​G​C​C​U​G​G​
A​A​C​A​T​T-3′. The siRNA sequences targeting SOX2 were as follows: si-SOX2-1, 5′-​C​C​A​A​G​A​C​G​C​U​C​A​U​G​A​A​
G​A​A​G​G-3′; si-SOX2-2, 5′-​G​G​G​A​C​A​U​G​A​U​C​A​G​C​A​U​G​U​A​U​C-3′. The siRNA sequences targeting OLIG2 were 
as follows: si-OLIG2-1, 5′-​C​C​U​U​C​G​G​U​G​C​G​C​A​A​G​C​U​U​U​T​T-3′; si-OLIG2-2, 5′-​C​C​U​A​C​U​C​A​A​G​U​C​U​C​C​G​
U​C​U​T​T-3′. si-NC, 5′-​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U​T​T-3′.

RNA isolation and qRT-PCR
Total RNA of glioma cells was extracted by an RNA-Quick Purification Kit (ES Science; Shanghai, China), 
and the RNA was immediately reverse transcribed into cDNA by using Hifair®III 1st Strand cDNA Synthesis 
SuperMix (Yeasen Biotechnology, #11141ES10). Real-time quantitative PCR amplification was performed 
using Hieff®qPCR SYBR Green Master Mix (Yeasen Biotechnology, #11201ES03). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used to normalize mRNA expression, and the primer sequences used for 
amplification of SLCO4A1-AS1 lncRNA were as follows: F, ​T​G​G​G​C​A​G​A​G​T​G​T​C​G​C​T​G; R, ​G​G​C​A​T​T​C​A​G​A​G​
T​T​G​C​G​T​T​C​A; GAPDH: F, ​G​C​A​C​C​G​T​C​A​A​G​G​C​T​G​A​G​A​A​C; R, ​T​G​G​T​G​A​A​G​A​C​G​C​C​A​G​T​G​G​A; SOX2: F, ​A​
C​A​T​G​A​A​C​G​G​C​T​G​G​A​G​C​A​A; R, ​G​T​A​G​G​A​C​A​T​G​C​T​G​T​A​G​G​T​G​G​G; OLIG2: F, ​T​C​A​A​G​T​C​A​T​C​C​T​C​G​T​C​C​A​
G​C; R, ​G​G​C​T​G​T​T​G​A​T​C​T​T​G​A​G​A​C​G​C; CD15: F, ​C​A​A​C​T​G​G​A​C​G​C​T​C​T​C​C​T​A​C​C; R, ​A​T​G​T​T​G​G​C​T​C​A​G​T​T​
G​G​T​G​G​T; CD133: F, ​T​A​C​A​A​C​G​C​C​A​A​A​C​C​A​C​G​A​C​T; R, ​A​C​C​C​A​G​C​C​A​C​C​A​G​T​A​T​G​A​A​T​C; NES: F, ​G​A​C​C​C​
T​G​A​A​G​G​G​C​A​A​T​C​A​C​A; R, ​G​G​C​C​A​C​A​T​C​A​T​C​T​T​C​C​A​C​C​A; GFAP: F, ​G​C​T​T​T​G​C​C​A​G​C​T​A​C​A​T​C​G​A​G; R, ​T​
G​C​C​A​G​A​T​T​G​T​C​C​C​T​C​T​C​A​A​C.

Cell proliferation assay
Cell proliferation assay was measured using CCK-8 following the manufacturer’s protocol. Glioma cells (3 × 103 
cells/well) were uniformly seeded into 96-well plates and incubated for 24 h. Then, the glioma cells were treated. 
24, 48, 72 and 96 h after treatment, 10 µl CCK-8 solution (Yeasen Biotechnology, #40203ES76) was added to each 
well. The 96-well plates were incubated at 37 °C for 1 h and the absorbance was measured at 450 nm.

Colony formation assay
Firstly, the glioma cells were treated for 48 h and the treated cells were uniformly seeded into 6-well plates at 800 
cells per well. Colony formation experiments were carried out by incubation for approximately 14 days, and the 
cells were fixed with 4% paraformaldehyde for 20 min and then stained with crystal violet for 15 min, and the 
results obtained were statistically analyzed.

EdU assay
We used EdU cell proliferation assay kits (Yeasen Biotechnology, #40275ES60) for the EdU assay. Firstly, the 
glioma cells were treated for 48  h and the treated cells were uniformly seeded into 24-well plates at 20,000 
cells per well. After 24 h, the cells were incubated with EdU at 37 °C for 2 h and then fixed with 4% neutral 
paraformaldehyde fixative solution in the dark for 15 min. The cells were incubated with 0.1 mL of 0.5% Triton 
X-100 solution for 20 min at room temperature and then incubated with the Click-iT reaction mixture at room 
temperature for 30 min. The cells were incubated with Hoechst 33342 for 15–30 min to stain nuclei, and imaging 
and counting were performed under a microscope.

Cell invasion assay
In the transwell assay, after transfection for 48  h, LN229, A172, and U118 cells were placed into the upper 
chambers in medium without FBS. The lower chambers were filled with medium containing 15% FBS. After 
48 h, the cells migrating through the membranes were fixed with 4% paraformaldehyde for 20 min, stained 
with 0.1% crystal violet for 10 min and counted. In the 3D invasion experiment, GBM#P3 cells (4000 cells/
well) transfected for 48 h were uniformly seeded into 96-well plates. After 24 h, invasion gel (R&D Systems; 
3500-096-03; Minneapolis, MN, USA) was added into the wells and the diameter of the invasion range of the 
tumor sphere was measured. 48 h after the invasion gel was added, the invaded spheroids were observed and the 
diameter of the invasion range of the tumor spheres was measured. Relative invasion was calculated by dividing 
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the 48 h measurements by the initial 0 h measurements and the invasiveness of transfected tumor cells was 
examined by comparison with the control group. The diameter of the sphere was considered the starting point 
for quantification.

Apoptosis assay
The apoptosis assay was conducted based on the manufacturer’s protocol (Yeasen Biotechnology, #40302ES50). 
First, cells were uniformly seeded in 6-well plates and treated for 48 h. After centrifugation and collection, cells 
were resuspended with binding buffer, and then 5 μl of Annexin V-FITC and 10 μl of PI were added. 15 min later, 
apoptosis was assayed by flow cytometry.

Extreme limiting dilution assay
GBM#P3 and GBM#BG5 were spread into 96-well plates at a density gradient of 0, 2, 4, 8, 16, 32, 64, and 128 cells 
to assess self-renewal capacity, and the number of wells with successful tumor sphere formation was counted and 
analyzed using the ELDA software (http://bioinf.wehi.edu.au/software/elda/) after 10 days.

Neurosphere formation assay
GSCs were seeded at 1000 per well into 6-well plates and treated under certain conditions. 2 weeks later, the 
diameter of the tumor spheres was measured for statistical analysis.

Statistical analysis
Statistical analyses were completed using R (version 4.2.0) and GraphPad Prism (version 8.0). The Mann–Whitney 
test was used to compare two groups of data that were not subject to normal distribution and the Student’s t-test 
was employed to compare two groups of data that were. For comparisons among more than two groups, the 
Kruskal–Wallis test and one-way ANOVA were used for nonparametric and parametric data. Survival analysis 
was compared using the Kaplan‒Meier (K-M) method and the log-rank test. Three independent experiments 
were performed, and results were expressed as the mean ± the standard deviation (SD). P values < 0.05 were 
considered to indicate statistically significant differences.

Data availability
The data utilized in study were downloaded from TCGA (https://xenabrowser.net/datapages/), Gene Expression 
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/) and Chinese Glioma Genome Atlas (CGGA, ​h​t​t​p​:​/​/​w​w​w​.​c​g​g​
a​.​o​r​g​.​c​n​/​​​​​)​.​​
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