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In this study, a total of 13 inflammation-related lncRNAs with a high prognostic value were identified with univariate, multivariate Cox regression analysis, and LASSO analysis. LINC00346, which is one of the 13 lncRNAs identified, was positively associated with type 2 macrophage activation and the malignant degree of glioma. Fluorescence in situ hybridization (FISH) and immunohistochemical staining showed that LINC00346 was highly expressed in high-grade glioma, while type 2 macrophages key transcription factor STAT3 and surface marker CD204 were also highly expressed simultaneously. LINC00346 high-expression gliomas were more sensitive to the anti–PD-1 and anti-CTLA-4 therapy. LINC00346 was also associated with tumor proliferation and tumor migration validated by EdU, cell colony, formation CCK8, and transwell assays. These findings reveal novel biomarkers for predicting glioma prognosis and outline relationships between lncRNAs inflammation, and glioma, as well as possible immune checkpoint targets for glioma.
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Introduction

Glioma is the most frequent adult malignant brain tumor in the central nervous system. Gliomas are classified into grades I–IV based on the degree of malignancy; grades I and II tumors are regarded low-grade gliomas, while grades III along with IV tumors as high-grade gliomas, with glioblastoma (GBM) being the most aggressive malignant tumor type (1). Despite tremendous improvements in surgical resection approaches, radiotherapy, along with chemotherapy, the median survival time in individuals with GBM receiving these forms of treatment is 15 to 18 months (2, 3). So, it is pivotal to specify novel biomarkers and strategies for the diagnosis and effective treatment of malignant gliomas.

Epidemiological studies showed that a quarter of tumors are remarkably linked to inflammation (4). Inflammation enhances the onset and progress of cancer through complicated physiological along with biochemical processes (5, 6). Recent investigations regarded glioma, especially GBM, as a type of cancer strongly associated with inflammation status and immune responses (5). Regarding high-grade gliomas, the brain tissue is infiltrated with numerous immune cells, consisting of macrophages, microglia, neutrophils, and eosinophils (4). Stimulation of the immune cells by various signaling factors leads to intracellular oxidative stress and cytokine-mediated cascades of inflammation, causing DNA damage along with diminished DNA repair. This then drives subsequent mutations and contributes to additional mutations as well as epigenetic alterations as glioma cells progress (7, 8). In addition, chemokines, cytokines, and growth factors secreted within the tumor microenvironment polarize M1 to the immunosuppressive M2 phenotype, contributing to the glioma’s progression (9). Compared with glioma patients with higher levels of M2 macrophage, patients with elevated levels of M1 macrophage had better survival (10). Even though some research progress has been made in exploring the relationship between inflammation and gliomas (3, 11) further studies are needed to provide insights on how inflammation associates with gliomas and specify the novel biomarkers and therapeutic targets for gliomas.

Whole-genome sequencing reveals that more than 90% of the human genome is transcribed, but only approximately 2% of transcribed RNA is translated into protein (12). The remaining portion of genome mainly encodes non-coding RNA, particularly lncRNAs (13, 14). LncRNAs constitute nonprotein coding transcripts consisting of more than 200 nucleotides. Previously, lncRNAs were often considered as transcriptional “noise” (15). However, recent studies reported that several lncRNAs have other critical functions. They function through the competitive binding of molecules such as miRNAs (16). Studies reported that aberrant lncRNA expression in a surgical glioma section is implicated in glioma development by regulating cell proliferation, apoptosis, GSC self-renewal, differentiation, and inflammation (17–19). Bioinformatics analysis found that lncRNA expression patterns in clinical glioma specimens correlated with histological differentiation and malignancy grade, which may have remarkable clinical impacts for glioma sub-classification, diagnosis, and prognostication (20). Other studies found that RP11-732M18.3 was highly overexpressed in glioma cells, which not only promote glioma angiogenesis by accelerating the transcription and secretion of VEGFA but also facilitate glioma growth through accelerating p21 degradation (21, 22). More recently, a risk model of constructed from eleven inflammation-related lncRNAs was reported as a potential prognostic biomarker for patients with lower-grade gliomas (23). However, systematic studies on the relationship between inflammation-related lncRNAs and glioma prognosis remain unclear.

Herein, inflammation-related lncRNAs with prognostic significance were screened to estimate the survival of individuals with gliomas. Gene expression data coupled with the matching clinical data of individuals with gliomas were abstracted from two data resources: The Cancer Genome Atlas (TCGA), as well as the Chinese Glioma Genome Atlas (CGGA). A total of 13 prognostic lncRNAs related to inflammation were identified utilizing univariate and multivariate analysis and lasso regression analysis, and a risk scoring model was subsequently established. Gene Ontology (GO) explorations were employed to clarify the biological functions and the mechanisms relevant to lncRNAs. Gene set enrichment analysis (GSEA) was carried out to determine remarkably enriched cascades as per the risk scores. FISH, immunohistochemical staining, and FASC were performed to explore the relationship between LINC00346 and macrophages. CCK8, 5-ethynyl-2’-deoxyuridine (EdU), colony formation, and transwell assays were utilized to explore the tumor-promoting role of LINC00346. These data will greatly help to the precise diagnosis and individualized treatment for gliomas patients.



Methods


Data resources

Gene expression profile and the matched clinical data were abstracted from the TCGA data source (https://xena.ucsc.edu) and the CGGA data resource (http://www.cgga.org.cn). The TCGA cohort served as the training set, while the CGGA dataset served as the validation set. A total of 645 samples were obtained from the TCGA (LGG samples 508 and GBM samples 137) and 306 samples from CGGA (LGG samples 169 and GBM samples 137). The gene sets related to inflammation were obtained using the Molecular Signatures Database (MSIGDB) (https://www.gsea-msigdb.org/gsea/msigdb). Somatic mutation and copy number variation (CNV) data of individuals with gliomas were obtained from the TCGA database.



Screening lncRNAs associated with prognosis and inflammation lncRNAs

Firstly, inflammatory-related lncRNAs were obtained through correlation analysis using GO (biological process) terms of inflammatory-related gene sets. Univariate Cox regression was used to specify lncRNAs linked to the survival of glioma patients. Subsequently, multivariate Cox regression analysis was carried out to determine lncRNAs with independent prognostic significance. LASSO regression analysis was then performed to identify the signature lncRNAs. A set of predictive lncRNAs along with their regression coefficients were determined (β).



Consensus clustering of lncRNAs

To explore the role of the 13 identified lncRNAs in gliomas, glioma patients were clustered into different groups using the R “ConsensusClusterPlus” package. Survival analyses were performed with the R “survival” package.



Clustered genomic alterations

To assess the connection between the risk score and the genomic features in gliomas, CNV coupled with somatic mutation assessments were conducted on the basis of the TCGA dataset. GSITIC assessment was carried out to elucidate genomic event enrichment.



Construction of a prognostic nomogram on the basis of clinical features and risk score

We conducted univariate Cox regression on the risk score and clinical features with P < 0.0.5 as the threshold. Multivariate Cox analyses of the chosen characteristics were conducted, and a nomogram was created by the regplot package. Afterward, assessment of the risk nomogram was done with a calibration curve along with the AUC.



Gene set variation analysis (GSVA)

The GSVA package was adopted to calculate the enrichment status of GO terms in TCGA and CGGA datasets. Correlation assessment was conducted between the risk score and GO terms, and items exhibiting P < 0.05 coupled with a high correlation coefficient were chosen (12). Correlation assessment between the risk score, and inflammation/immune cell type was conducted via the gene expression patterns from the TCGA datasets in R.



Immunohistochemical staining

Glioma sections were obtained from the surgically resected glioma tissues of patients in Xiangya Hospital. Informed consent were obtained from all patients. All procedures were approved by the Ethics Committee of Xiangya Hospital, Central South University. Dewaxing of 5-µm-thick paraffin sections was done in xylene, followed by rehydration using different alcohol grades. Blocking of the activity of endogenous peroxidase was done via inoculation with H2O2 (0.3%). Afterward, we inoculated the sections with citrate buffer (0.1M; pH 6.0) followed by autoclaving for 3 min at 121˚C to enhance the accessibility of the antigen. Next, the sections were cooled and inoculated with H2O2 (0.3%) for 20 min to dampen the activity of endogenous peroxidase. Thereafter, rinsing of the sections in PBS (pH 7.2) was done and subsequently inoculated with antibodies (STAT3 and CD204; cat. no. sc-100627; Santa Cruz Biotechnology, Inc., United States). After that, the slides were inoculated with the secondary antibody (IgG) and rinsed in PBS, and the visualization of the peroxidase reaction was done via inoculation of the slides with DAB (0.02%), PBS (0.1%), and H2O2 (0.3%).

Finally, hematoxylin counterstaining was done, and subsequent dehydration in graded alcohol was performed and was then mounted in resin mount. Immunostaining results were evaluated separately by two independent pathologists.



Cell culture and siRNA transfection

U87-MG and U251 cells, were supplied by Procell Life Science & Technology Co., Ltd (Hubei, China) and inoculated in DMEM (Sigma, USA) with 10% FBS (Gibco, USA) as well as 1% penicillin–streptomycin. The cells were grouped as follows: control group, siRNA-NC group, and LINC00346-siRNA group. Si-RNA was purchased from HonorGene (Changsha, China). About 5 µl siRNA and 5 µl lipofectamine 2000 (Invitrogen, USA) were diluted with a 95 µl serum-free medium. Then siRNA and lipofectamine were mixed and incubated at room temperature for 20 min. Finally, the mixed solution is introduced to each well of the culture plate containing the cells and the culture medium. The cells were transfected for 48 h and then harvested for subsequent experiments.



Cell viability detection

Cell viability was detected by a CCK8 assay. The transfected cells were cultured in a 96-well plate for 24, 48, 72, and 96 h. Then, 100 μl of a medium containing CCK8 (Dojindo, Japan) was added to each well, and the optical density (OD) value at 450 nm was detected with a microplate reader (BioTek) after 4 h of incubation.



Transwell migration assay

The cells were digested into single cells with trypsin and suspended in a serum-free medium, and then 100 µl of the cell suspension was introduced to the upper compartment of the transwell. About 500 µl of complete medium with 10% FBS was added to the lower chamber  and the cells were incubated for 48 hours. Then, washed the upper chamber with PBS and wiped off the cells on the upper chamber. After fixing, the cells were stained with crystal violet. It was then washed with PBS, the membrane was placed on a glass slide, and observed under an inverted microscope. After decolorization with 10% acetic acid, the OD value at 550 nm was detected.



Colony formation assay

The cells were resuspended and planted in six-well plates. After 2–3 weeks of incubation, the culture medium was discarded, and fixed the cells with 4% paraformaldehyde. Then the cell clones were dyed with crystal viole for 30 minutes at room temperaturet. The staining solution was washed off, and a picture of the colony was taken. After decolorization, the OD value at 550 nm was measured.



Cell proliferation test

The EdU (5-ethynyl-2’-deoxyuridine) assay was used to evaluate cell proliferation (RiboBio, China). The cells were incubated overnight with 100 µl 50 μM EdU medium and then fixed with 4% paraformaldehyde. Then 100 µl 1×Apollo® staining reaction solution was added and incubated for 30 min. After washing with 0.5% TritonX-100, the cells were incubated with 100 µl 1 × Hoechst 33342 reaction solution for 30 min. Finally, the cells were observed with a confocal microscope and pictures were taken. The cell proliferation rate was then calculated.



Statistical analysis

R software  was used for all statistical analyses. Remarkable differences between and among groups of normal distributed variables were measured using t-test or one-way ANOVA, respectively. Significant differences between and among groups of abnormal distributed variables were measured by Wilcoxon test or Kruskal-Wallis test, respectively. The chi-square test was application to the categorical data. The overall survival analysis was conducted with the Kaplan–Meier approach, and Cox regression was carried out using the R survival package. The gene set variation analysis (GSVA) package was adopted to compute the enrichment status in GO (Biological Process) (12). The R survival ROC package was adopted to create and visualize receiver operating characteristic (ROC) curves and compute the area under the curve (AUC) (13). All the statistical analyses were implemented in R. Somatic mutations and somatic copy number alternations (CNAs) data were abstracted from the TCGA data resource. P< 0.05 means statistically significant.




Results


Identification of prognostic lncRNAs related to inflammation

As shown in Figure 1, 13,895 lncRNAs were obtained by intersecting the lncRNAs in TCGA and CCGA datasets. Univariate and multivariate Cox regression analyses were performed to explore the relationship of the patients’ disease-specific survival (DSS) with different lncRNAs expression levels. Univariate Cox analysis recognised 286 lncRNAs and multivariate Cox analysis identified 184 lncRNAs, which were deemed to have remarkable prognostic capacity at P-value < 0.05. Exploring interpretable estimation rules in high-dimensional data using lasso regression. Finally, 13 inflammation-related lncRNAs (ADD3-AS1, AL356019.2, LEF1-AS1, LINC00346, WDR11-AS1, TMEM72-AS1, AC007744.1, AC073896.2, AL392083.1, AC062021.1, AC093726.1, AC093895.1, and NR2F2-AS1) with prognostic values were identified using LASSO regression in TCGA dataset (Figures 2A, B). Figures 2C, F exhibited the expression of inflammation-related lncRNAs in the TCGA and CCGA datasets, respectively. To verify the sensitivity and specificity of the prognostic model based on the 13 inflammation-related lncRNAs, the AUC and ROC were determined. AUC values for 3- and 5-year in the TCGA dataset were 0.902 and 0.836, respectively, and the 3- and 5-year in the CGGA dataset were 0.830 and 0.841, respectively (Figures 2D, E), indicating that the risk score model showed good accuracy. In the TCGA cohort, there were significant differences in the risk score between the patients separately stratified by 1p/19q status, grade, IDH mutation status, MGMT promoter status, and molecular subtypes, but not by gender. Glioma patients with the classical and mesenchymal molecular subtype, IDH-wild type, 1p/19q non-co-deletion status, and MGMT promotor unmethylation showed higher risk scores (Figure S1). In addition, the risk score escalated with the increasing of WHO grade in gliomas. These results indicated that risk score was important in predicting the clinical–pathological characteristics of glioma.




Figure 1 | Flow chart of the whole research process.






Figure 2 | Identification of prognostic lncRNAs related to inflammation. (A) Ten-time cross-validation for tuning parameter selection in the LASSO model. (B) LASSO coefficient profiles of 13 prognostic lncRNAs. (C) The expression of prognostic lncRNAs in the TCGA dataset. (D) The ROC of the risk score model for predicting the 3- and 5-year survival of glioma patients in the TCGA dataset. (E) The ROC of the risk score model for predicting the 3- and 5-year survival of glioma patients in the CGGA dataset. (F) The expression of prognostic lncRNAs in the CGGA dataset. (G–I) Kaplan–Meier curves for overall survival (OS) between patients with high and low risk in the TCGA dataset. (J–L) Kaplan–Meier curves for OS between patients with high and low risk in the CGGA dataset.



The overall survival (OS) of the total, LGG, and GBM patients from the TCGA dataset are shown in Figures 2G–I. Patients were stratified into high- and low-risk groups based on the median risk score. There was a statistically remarkable difference in OS between high and low-risk groups and similar results were found in the CGGA cohort (Figures 2J–L). The disease-specific survival (DSS) and the progression-free interval (PFI) of patients in the high- and low-risk groups were also analyzed, and the results showed significant differences (Figures S2A–F).



Consensus clustering of 13 prognostic inflammatory-related lncRNAs signature

On the basis of the expression similarity, the clustering stability of the TCGA dataset rising from k=2 to 10 was shown (Figures S3A, S4A, B). When k=2, the relative change in the area under the CDF indicated a flat middle segment (Figure S4A). Therefore, k=2 was selected as an adequate choice. Heatmap of the consensus matrix for k = 2 in the TCGA dataset is exhibited in Figure S4C. The predictive genes classified two clusters of glioma patients in the TCGA dataset with distinct clinical outcomes and clinicopathological characteristics by consensus clustering. Between groups, survival probability and PCA distribution were clearly separated (Figures S4D, S5A–C), and similar results were found in the CCGA dataset (Figures S3B, S4E, F, S5D–F).



The significant correlation between genomic alterations in inflammatory-related lncRNAs and the glioma risk model

Somatic mutation and CNV analysis demonstrated remarkable differences between the high- and low-risk groups. Considering the somatic copy number alternations’ functions in oncogenesis, the CNV between low- and high-risk samples was explored. In gliomas, the incidence of Chr 7 amplification and Chr 10 deletion escalated as the risk score increased, while the incidence of 1p/19q codeletion reduced with the risk score (Figure 3A). The GISTIC 2.0 assessment uncovered numerous remarkable amplified regions containing multiple oncogenes in glioma patients with higher risk scores, consisting of 1q32.1 (PIK3C2B), 12q14·1(CDK4), 7p11·2 (EGFR), and 4q12 (PDGFRA). Focal deletion peaks were detected in the high-risk group, for instance, 9p21·3 (CDKN2A), 10q23·31 (PTEN, KLLN), and 10q26·3 (DUX4). The focal amplification and deletion peaks also presented in the patients with low risk scores, their G values were significantly lower. Moreover, there were remarkable amplification regions (19p13.3, 12q14.1, 11q24.1, and 4q12) and deletion (9p21.3, 11p15.5, 4q34.1, and 10q26.3) reported gliomas with low-risk score groups (Figures 3B, C). Somatic mutations presented in 285 (89.91%) and 313 (99.05%) of samples in the high- and low-risk groups, respectively. The mutation frequencies of IDH1 and ATRX in gliomas with a low-risk score were remarkably higher than in gliomas with a high-risk score (IDH1, 92% vs. 31%; ATRX, 33% vs. 21%), while TTN and MUC16 had lower mutation frequencies (TTN, 8% vs. 21%; MUC16, 7% vs. 10%). EGFR (21%), PTEN (17%), and NF1 (12%) mutations in the high-glioma risk score group and CIC (28%), FUBP1 (11%), and NOTCH1 (10%) mutations in the low-risk score group were identified (Figures 3D, E), and the mutation frequency of these genes was greater than 10%.




Figure 3 | Somatic mutation and copy number variation (CNV) in the high- and low-risk score groups. (A) CNV in autosomes of glioma samples. (B, C) The distribution of CNV in autosomes in the high- and low-risk score group, respectively. (D, E) The waterfall plot displays the somatic mutation distribution of the top 20 most frequently mutated genes in the low- and high-risk groups, respectively.





Functional analysis of the prognostic inflammatory-related lncRNAs signature

To further assess the function of the 13 prognostic inflammatory-related lncRNAs signature, GO and GSVA analyses were performed with TCGA and CGGA datasets. The top enriched lncRNAs functions included negative modulation of regulatory T-cell differentiation, the immune response to the tumor cell, positive modulation of tolerance induction, inflammatory cell apoptotic process, chronic inflammatory response, negative regulation of response to cytokine stimulus, macrophage activation, and regulation of macrophage differentiation (Figures 4A, D). Even though the orders of each enriched lncRNAs function in the TCGA and CCGA datasets were different, their overall correlation with immune function was similar. Further analyses of inflammation genes correlated with the prognostic inflammatory-related lncRNAs signature in the TCGA and CCGA datasets showed that the genes IgG, interferon, MHC-II, HCK, LCK, MHC-I, and STAT1 were the most related to the 13 prognostic inflammatory-related lncRNAs signature (Figures 4B, E). To further detect whether the 13 prognostic inflammatory-related lncRNAs signature affected the immune cells, the types of immune cells involved in gliomas were analyzed, and it was found that the T helper cells, NK cells, DC, macrophages, etc., are all involved in gliomas (Figures 4C, F). Immunity correlation analysis showed that macrophages, neutrophils, eosinophils, and Th2 cells had the highest correlation with the selected lncRNAs in the TCGA and CCGA datasets (Figure S6). This indicated that the 13 prognostic inflammatory-related lncRNAs signature may participate in immune responses in glioma progression. We created a ceRNA regulatory network through the 13 lncRNAs (Figure S7).




Figure 4 | Functional analysis of the prognostic inflammatory-related lncRNAs signature. (A) Representative GO terms significantly correlated with the prognostic lncRNAs signature in the TCGA dataset. (B) Inflammation genes correlated with the prognostic lncRNAs signature in the TCGA dataset. (C) Immune cell types correlated with the prognostic lncRNAs signature in the TCGA dataset. (D) Representative GO terms significantly correlated with the prognostic lncRNAs signature in the CGGA dataset. (E) Inflammation genes correlated with the prognostic lncRNAs signature in the CGGA dataset. (F) Immune cell types correlated with the prognostic lncRNAs signature in the CGGA dataset.





Prognostic nomogram for overall survival prediction

To determine if this prognostic classifier could perform as an independent indicator in gliomas, a nomogram that integrated lncRNAs classifiers and clinicopathological characteristics, including age, IDH mutation, 1p/19q, and the WHO grade, was constructed to estimate the 3- and 5-year survival rate in glioma patients (Figure 5A). The calibration curve exhibited that the estimated 3- and 5-year survival rates were remarkably correlated with the observed ratio in the TCGA and CCGA datasets (Figures 5B, C). These results demonstrated that lncRNA signatures' stability and predictive performance are superior to multiple clinical features. As shown in Figure 5D, OS differences between the high- and low-risk groups were statistically significant (P < 0.05). Similar results were found in the CGGA dataset (Figure 5E). Then, the AUC and the ROC were determined and the 3- and 5-year survival rates were compared. The risk scoring model was found to exhibit good accuracy (Figures 5F, G). Decision curve analysis (DCA) was employed to assess the risk score model. DCA results for 5-year survival predictions showed that the multifactor model prognostic estimation based on the lncRNAs added more net benefit than the “IDH-only” or “grade-only” strategies in the TCGA datasets (Figure S8). To assess whether immune therapy deserved to be tried, the TIDE online database was utilized to predict the response of CTLA4 and PD-1 treatment in high- and low-risk gliomas. Significant differences in PD-1 treatment effects were observed between high- and low-risk gliomas (Figure 5H), meaning that PD-1 may be a potential immune therapy target for high-risk gliomas. In addition, the expression level of PD-1 ligands CD274 and PDCD1LG2, as well as another immune checkpoint LAG3 were assessed, and the result suggested that LAG3 expression was increased in the high-risk group (Figures 5I–K). LINC00346 is associated with the prognosis of gliomas.




Figure 5 | A nomogram for predicting OS of patients in the TCGA dataset. (A) The nomogram is created by adding points identified on the points scale for each variable. (B, C) Internal calibration curve for validation of the nomogram model in the TCGA and CCGA datasets. (D) Kaplan-Meier curves for OS between patients with the high risk and the low-risk of the nomogram model in the TCGA datasets. (E) Kaplan-Meier curves for OS between patients with the high risk and the low-risk of the nomogram model in the CGGA dataset. (F, G) The ROC for predicting the 3- and 5-year survival of glioma patients in TCGA and CCGA datasets. (H) Submap analysis of CTLA4 and PD-1 treatment in the high- and low-risk groups. (I–K) Expression level of PDCD1LG2 (I), CD274 (J), and LAG3 (K) in the high- and low-risk groups. (***P < 0.001).



LINC00346 was selected for further study. In the TCGA dataset, glioma patients were stratified into two groups based on the median expression level of LINC00346. The prognosis of the low LINC00346 expression group was remarkably higher relative to high LINC00346 expression group (P < 0.0001). Furthermore, survival analysis was carried out in sum, LGG, and GBM cohorts. In sum, LGG, and GBM cohorts, the OS, PFI, and DSS of the high LINC00346 expression group were worse than those of the low LINC00346 expression group (P < 0.05) (Figures 6A–C, S9). These findings indicated that LINC00346 is a poor prognostic indicator for gliomas.




Figure 6 | LINC00346 expression is associated with the prognosis of gliomas. (A–C) Differences in OS between high LINC00346 expression and low LINC00346 expression groups among total, LGG, and GBM patients in the TCGA dataset. Patients were divided into high LINC00346 expression and low LINC00346 expression groups based on the median of LINC00346 expression. (D, E) Immunity and inflammation related to LINC00346 expression (D) and immune cell types (E) and in the TCGA dataset. (F–H) Expression level of PDCD1LG2, CD274, and LAG3 between high LINC00346 expression and low LINC00346 expression groups (*** P < 0.001, ns, not significant). (I) Submap analysis manifested that LINC00346 high-expression group could be more sensitive to the anti–PD-1 and anti-CTLA-4 therapy. (J) Dual color fluorescence in situ hybridization (FISH) was used to detect the expression of LINC00346 in grades II, III, and IV gliomas, and immunohistochemistry was used to detect the expression of CD204 and STAT3 in grades II, III, and IV gliomas.



Based on the possible association between lncRNA and inflammation reported in previous studies (24, 25) and our previous analysis, LINC00346 was suspected to be involved in inflammation based on its association with immune cells. LINC00346 was shown to be highly correlated with immune cells, especially macrophages, neutrophils, and Th2 cells (Figures 6D, E). GSEA showed that the high-expression LINC00346 subset was primarily linked to important inflammation-related hallmarks (Figure S10). In addition, the expression levels of CD274 and PDCD1LG2, but not LAG3, were found to be higher in the high LINC00346 expression group (Figures 6F–H). To investigate whether the expression of LINC00346 was correlated with immune checkpoint therapy, submap analysis of CTLA4 and PD-1 treatment in LINC00346 was performed in both high- and low-risk groups. As displayed in Figure 6I, LINC00346 high-expression patients may be more sensitive to the anti–PD-1 and anti-CTLA-4 therapy. Meanwhile, to explored whether LINC00346 correlated with the amount of M2 macrophage in gliomas with different grades. FISH experiment was utilized to detect the expression of LINC00346 in different WHO grades of gliomas, and immunohistochemical staining was utilized to investigate the M2 macrophage in gliomas with different WHO grades. M2 surface marker CD204 and key transcription factor STAT3 were used to indicate the M2 macrophage. The results indicated that LINC00346, CD204, and STAT3 were expressed higher in grade IV gliomas than in grade II gliomas (Figure 6J), suggesting that the amount of M2 macrophage in different grades of gliomas was positively correlated with the expression. Notably, in GBM and LGG, LINC00364 expression was obviously associated with the expression of ICPs, such as CXCL9, CD40, CD80, and CD28 (Figure S11). Therefore, the amount of M2 was positively related to the glioma grade, which was also consistent with the expression of LINC00346.



LINC00346 affected the proliferation and migration of gliomas and regulated the differentiation of macrophages

To further explore the effect of LINC00346 on gliomas, we used glioma cell lines U251 and U87-MG to conduct further in vitro experiments. The inhibition of LINC00346 expression significantly reduced the proliferation of glioma cells in the EdU assay (Figures 7A, B). In addition, the colony formation assay also showed that knockdown of LINC00346 by siRNA significantly inhibited the viability of glioma cells (Figure 8A). The CCK8 assay showed that cell viability was inhibited by the silence of LINC00346 (Figure 8B). In order to further determine whether LINC00346 affects the metastasis of glioma, transwell migration assay was used to evaluate the migration ability of glioma cells. The results showed that inhibition of LINC00346 with siRNA significantly inhibited the migration of glioma cells (Figure 8C). Moreover, in vitro co-culture experiments were utilized to explore the role of LINC00346 in regulating macrophage differentiation and migration. Knockdown of LINC00346 expression in U87 and U251 cells obviously inhibited the migration of HMC3 cells (Figure S12). Above results proposed that the LINC00346 expression may accelerate in glioma progression through regulating glioma cell proliferation and migration (Figure 9).




Figure 7 | EdU assay was used to detect the proliferation of (A) U251 cells and (B) U87-MG cells. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).






Figure 8 | LINC00346 affected the proliferation and migration of glioma cells. After being transfected with siNC or siLINC00346, (A) cell colony assay and (B) CCK8 assay were used to detect the proliferation of U251 and U87-MG cells; (C) transwell assay was used to evaluated the migration of U251 and U87-MG cells. (**P < 0.01, ***P < 0.001, ****P < 0.0001).






Figure 9 | The speculative mechanism of 13 prognostic lncRNAs regulation glioma cells and immune cells.






Discussion

Glioma is the most common malignant brain tumor in adults. Despite recent therapeutic advances against gliomas, the survival rate of glioma patients remains poor. Over the years, researches have been dedicated to study the link between inflammation and tumor growth. In glioblastoma patients, a more aggressive clinical course has been associated with Foxp3+ T regulatory cells, which mediate immune tolerance and inhibit antitumor immune responses (26). The immune checkpoint ligand programmed death-ligand 1 (PD-L1) functions as an immunoinhibitory molecule expressed in the tumor milieu and promotes glioma infiltration (27, 28). Although there are numerous studies on the relationship between inflammation and gliomas, there is still no proper treatment applied by clinics. Recently, lncRNAs have acquired increased attention, from initiation and development of tumors to inflammatory responses (25, 29). Some studies have reported that lncRNAs such as RP11-284N8.3.1 along with AC104699.1.1 can predict the prognosis and survival of ovarian cancer patients (24). However, studies on inflammation-related lncRNAs in gliomas remain unclear. This study found that 13 lncRNAs (ADD3-AS1, AL356019.2, LEF1-AS1, LINC00346, WDR11-AS1, TMEM72-AS1, AC007744.1, AC073896.2, AL392083.1, AC062021.1, AC093726.1, AC093895.1, and NR2F2-AS1), which were inflammation-related based on functional analysis, were differentially expressed in gliomas and normal brain tissue, and they could independently and accurately predict the prognosis of patients.

ADD3-AS1 is another transcript of ADD3 that encodes for Adducin Gamma and is implicated in the spectrin-actin network and present in the extrahepatic biliary epithelium. ADD3-AS1 encodes an lncRNA, which influences the expression of ADD3 (30). However, no studies have reported the involvement of ADD3-AS1 in gliomas. LEF1-AS1 is an lncRNA that acts as an oncogene in glioma. Silencing LEF1-AS1 expression inhibits GBM proliferation and invasion by reducing ERK, as well as Akt/mTOR signaling activities (31). LINC00346 has been documented to be overexpressed in non-small cell lung cancer, bladder cancer, and pancreatic cancer and serves as a positive transcriptional regulator of c-Myc, but its role in glioma has not been reported (32, 33). WDR11-AS1 (csf biomarker) modifies the association between tau positivity and neurodegeneration (34), and it is involved in thyroid cancer (35). TMEM72-AS1 and AC062021.1 are associated with the pathogenesis of major depressive disorder (MDD); however, dysregulated lncRNAs’ contribution to the development of MDD remains elusive (36, 37). AL392083.1 is involved in synergistic neurotoxicity (38). AC093726.1 is associated with breast cancer (39), while AC093895.1 plays a pivotal role in the modulation of cancer-related pathways (40). NR2F2-AS1 is involved in the regulation of cell cycle progression, cell apoptosis, and cell proliferation during cancer (41, 42). Patients harboring high-risk signatures had shortened overall survival, while patients harboring a low-risk signature had prolonged survival. Similar risk scores were obtained from cases in the TCGA and CGGA datasets and were used to confirm the prognostic values of the 13 lncRNAs in gliomas.

GSVA was conducted in the 13 prognostic inflammation-related lncRNAs signature to explore associated signaling cascades. GO analysis exhibited that the signature is mostly enriched in inflammation-related reactions. Inflammation has been linked to several tumors. Herein, the 13 lncRNAs primarily participated in the inflammatory response to the tumor and immune-linked molecules. In gliomas, remarkable efforts have been made over the years to establish the molecular signatures that may contribute to the diagnosis or treatment of patients. These studies have uncovered a series of molecular signatures that are linked to the prognosis of gliomas. IDH1 mutation was added into the 2016 WHO glioma classification, and patients with this mutation develop poor prognosis compared with the IDH wild-type patients (1). Moreover, studies showed that genetic aberrations in these genetic markers might lead to remarkable epigenetic changes at the molecular level, including DNA methylation, mRNA expression, and lncRNA expression. This study found that inflammation-related lncRNAs may not only exist in associations with well-recognized genetic biomarkers but also provide new strategy into the prognosis and treatment of gliomas.

Among the 13 lncRNAs identified, LINC00346 was found to be the most associated with macrophages. In this study, LINC00346 expression in gliomas was determined by FISH, and type 2 macrophage surface marker CD204 and its key transcription factor STAT3 were determined by IHC staining. Three of the molecules detected were highly correlated with high-grade glioma. Studies have shown that STAT3 is a key transcription factor that supports macrophage differentiating into type 2 macrophage (43) and greatly contributes to tumor progression (9, 44). This study found that the high expression of LINC00346 is linked to the high expression of STAT3 and CD204, and LINC00346 may serve as a positive function in the STAT3 expression, enabling macrophages to differentiate into M2 and supporting the progression of gliomas. This study depicted the relationship between LINC00346 and macrophages. However, more detailed investigations are necessary to focus on finding the exact role of LINC00346 in gliomas, which may be to promote the progress of immunotherapy for gliomas. The targeting of immune checkpoints proved to be an efficient way to treat different tumors (45). In this study, the response of CTLA4 and PD-1 treatment in glioma was evaluated, and difference was found between high- and low-grade glioma groups, hinting that anti-CTLA4 or anti–PD-1 drugs might be a good method for high-grade glioma patients.

We selected LINC00346 in the feature lncRNA for further verification and analysis. We established that LINC00346 expression was negatively correlated with the clinical prognosis of gliomas. In vitro experiments, CCK8, and colony formation experiments displayed that silencing the expression of LINC00346 inhibits glioma cell viability. In the EdU test, the inhibition of LINC00346 expression repressed the growth of glioma cells. In addition, inhibition of LINC00346 interferes with glioma cell infiltration. In conclusion, knockdown of LINC00346 inhibited the viability, proliferation, migration, and invasion of glioma cells. This also confirms the result that we found that the inflammation-relative lncRNAs play an essential role in the onset and progress of gliomas.

Although our risk model has good performance in predicting the prognosis of glioma patients in the TCGA and CGGA cohorts, there are still many limitations. We should verify the differential expressions of these lncRNAs in glioma tissues and para-cancer tissues, as well as the prognostic value of the risk model with our own samples. The molecular mechanisms of these lncRNAs in gliomas and the efficacy of the risk model in clinical practice remain unclear and further experiments are needed.



Conclusions

In conclusion, this study identified 13 inflammation-related lncRNAs signature that were linked to the survival of glioma patients through bioinformatic analysis. Moreover, the study also described the relationship between LINC00346 and macrophages. These findings may help in the development of efficient biomarkers for use in assessing the appropriateness of immunotherapy and potential implications in the diagnosis and treatment of gliomas.
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