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Introduction: Radioresistance remains a significant challenge in the treatment of glioblastoma multiforme (GBM), the most prevalent and lethal brain cancer in adults. Metabolic alterations are known to contribute to radioresistance by activating antioxidant responses and promoting DNA repair. However, the role of circular RNAs in this process, particularly circFOXO3, is not well understood.Methods: In this study, we investigated the expression of circFOXO3 in glioma cells exposed to radiation and in recurrent GBM tissues. We performed knockdown and overexpression experiments in vitro and in vivo to assess the effects of circFOXO3 on radiosensitivity. Metabolomic profiling was conducted to explore the metabolic changes associated with circFOXO3 overexpression following irradiation.Results: Our results showed significant upregulation of circFOXO3 in glioma cells upon radiation exposure and in recurrent GBM tissues. Knockdown of circFOXO3 increased radiosensitivity both in vitro and in vivo, whereas overexpression of circFOXO3 attenuated radiosensitivity. Metabolomic analysis revealed substantial alterations in lipid and organic compound profiles between circFOXO3-overexpressing and control groups. Additionally, circFOXO3 suppression increased proapoptotic protein levels (Caspase 7 and Bax) and decreased anti-apoptotic protein Bcl-2 levels following radiotherapy.Discussion: These findings demonstrate the pivotal role of circFOXO3 in promoting tumor radioresistance through metabolic modulation, suggesting that circFOXO3 could serve as a potential diagnostic and therapeutic target for GBM.Keywords: glioblastoma, circFoxo3, metabolomics, radiotherapy, radioresistance
1 INTRODUCTION
Glioblastoma multiforme (GBM) is a common malignant intracranial tumor with high morbidity and mortality rates. The current standard treatment for GBM involves maximal surgical resection with the goal of minimizing neurological complications, followed by radiotherapy and chemotherapy (Ostrom et al., 2022; van den Bent et al., 2023). Despite comprehensive therapeutic approaches, overall survival remains limited to only 14.6 months (Ostrom et al., 2014). Among all adjuvant treatments, radiotherapy is the primary therapeutic modality for GBM patients. However, many tumors relapse after treatment, potentially due to inherent or acquired radioresistance in tumor cells (Liu et al., 2023). Therefore, elucidating the mechanisms underlying GBM radioresistance and identifying novel molecular targets that can enhance the response to current therapeutic interventions are crucial.
A recent study highlighted the pivotal role of metabolic alterations in promoting radioresistance across various cancers (Kang et al., 2023). Notably, DNA damage repair and reactive oxygen species (ROS)-related pathways are significantly influenced by radiation exposure (Liao et al., 2023). Metabolic by-products, such as aldehydes and alkylating agents, can cause diverse types of DNA damage, and the function and recruitment of DNA repair-related genes are also regulated by metabolic reactions. Furthermore, alterations in the metabolite composition within the tumor microenvironment can facilitate tumor growth after radiotherapy (Sedlackova et al., 2023; Gupta et al., 2020). Therefore, combining radiotherapy with targeted metabolic interventions is a promising approach for increasing treatment efficacy.
Forkhead box O3 (FOXO3), a member of the forkhead transcription factor family, contributed extensively to gene regulation by binding to and activation of enhancer regions in cancer cells (Rodriguez-Colman et al., 2024). CircFOXO3 (has_circ_0006404), which is derived from the FOXO3 gene, has been reported to be dysregulated in multiple tumors (Lu, 2017; Zhang et al., 2018), and targets its parental gene FOXO3 by translational or post-translational modification (Rodriguez-Colman et al., 2024; Su et al., 2021). However, the role of circFOXO3 in GBM radiosensitivity and related metabolism remains unclear. In this study, we performed expression analysis using fresh samples collected from recurrent GBM patients and irradiated glioma cells. CircFOXO3 levels were notably greater in both recurrent samples and irradiated cells than in normal controls. Loss-of-function analyses were conducted using a panel of glioma cell lines to investigate the effects of circFOXO3 knockdown (KD)/overexpression (OE) on GBM proliferation and DNA damage repair processes. Additionally, metabolomics analysis revealed significant changes in metabolite profiles between the circFOXO3 and control groups after irradiation, including alterations in glutathione, 6-hydroxyhexanoate, and chlorambucil levels. In addition, several apoptotic proteins were found to be altered by circFOXO3 following radiotherapy. Thus, this study provides insights into the role of circFOXO3 in GBM radioresistance and provides an initial exploration of associated metabolic changes.
2 MATERIALS AND METHODS
2.1 Patients and sample collection
The study was approved by the Ethics Committee of Shanghai Pudong Hospital, Fudan University Pudong Medical Center. Twenty primary tumor and twenty recurrent tumor samples were collected, and these fresh samples were used for quantitative real-time polymerase chain reaction (qRT-PCR). The primary and recurrent samples were obtained from different patients, all of whom underwent surgical resection at their initial visit and subsequently received postoperative chemoradiotherapy.
2.2 Irradiation
The cells or xenograft tumor models were placed in a vertical position and subjected to local irradiation to the head via a VARIAN linear accelerator with a total dose of 6 Gy, as it strikes a balance between inducing significant stress responses in glioma cells without causing excessive cell death, making it an optimal dose for studying radioresistance mechanisms.
2.3 Single-cell gel electrophoresis
The single-cell gel electrophoresis assay was carried out with a comet assay kit (Trevigen, United States) according to the manufacturer’s instructions. Briefly, single-cell suspensions were washed with PBS and mixed with low-melting agarose (1:10). Cell lysis was induced by incubating the mixture at 4°C for 3 h, and the treated cells were then electrophoresed for 20 min. Subsequently, the DNA was visualized by staining with 5 µg/mL Goldview (SBS Genetech, Co., Ltd.) after fixation. Digital fluorescence images were obtained.
2.4 γ-H2AX immunofluorescence analysis
Immunofluorescence was performed with an anti-γ-H2AX antibody (Cell Signaling Technology, United States). The nuclei were counterstained with Hoechst 33342 (Beyotime Biotechnology, Shanghai, China). The number of γ-H2AX foci was counted in at least 50 cells per condition under a laser scanning confocal microscope (LSM 700, Zeiss, Oberkochen, Germany).
2.5 Xenograft tumor assay
Four-week-old athymic nude mice were used for the xenograft tumor assay. All the mice underwent the same stereotactic injection procedure and were subjected to one of three different treatment conditions: 1) U87-MG-negative control (NC) without irradiation; 2) U87-MG-circFOXO3 KD without irradiation; and 3) U87-MG-circFOXO3 KD under 6 Gy irradiation. The indicated cells (1 × 106) were implanted into the corpus striatum of anesthetized athymic nude mice using a small animal stereotactic frame (David Kopf Instruments). Tumor volume was calculated as (length × width (van den Bent et al., 2023))/2 using Function Analysis software (General Electric). The animal study was approved by the Institutional Animal Care and Use Committee of Shanghai Pudong Hospital, Fudan University Pudong Medical Center.
2.6 Untargeted metabolomics analysis
For untargeted metabolomics, T98G-circFOXO3-OE and NC cells (n = 6 per group) were subjected to liquid chromatography-mass spectrometry (LC-MS) analysis. The samples were prepared and analyzed using a quadrupole time-of-flight mass spectrometer (Sciex TripleTOF 6600) coupled with hydrophilic interaction chromatography. The data were processed using XCMS software, with a VIP value > 1 and p< 0.05 considered statistically significant. Metabolites were mapped to pathways using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Further hierarchical clustering was performed using Cluster 3.0 and Java Treeview software.
More detailed steps are provided in the Supplementary Material.
2.7 Statistical analysis
The data are presented as the means ± standard errors of the means of at least three independent experiments. For comparisons between two groups, an unpaired t-test was used, and for comparisons among multiple groups, one-way analysis of variance followed by Tukey’s post hoc test was conducted. All the statistical analyses were performed via SPSS for Windows v.17.0 (SPSS, Chicago, IL). All the results were considered significant at a two-sided P-value < 0.05.
Details on the methods used for cell culture, qRT-PCR, Western blot analysis, lentiviral vector-mediated gene alteration, and bioinformatic analysis can be found in the Supplementary Material.
3 RESULTS
3.1 CircFOXO3 is highly expressed in glioma cells in response to radiation
A part of patients with recurrent GBM exhibited tumor progression on magnetic resonance imaging (MRI) within 30 days after radiotherapy (Figure 1A). To quantify the RNA levels of circFOXO3, qRT‒PCR analysis was performed on recurrent and primary GBM tissues. The results revealed that circFOXO3 expression was significantly higher in recurrent GBM patients than in newly diagnosed patients (Figure 1B).
[image: Figure 1]FIGURE 1 | CircFOXO3 is significantly upregulated in recurrent GBM and tumor cells after irradiation. (A) Enhanced brain MRI of GBM tissues with or without irradiation. Patient 1had Newly diagnosed GBM; Patient 2 had recurrent GBM. (B) CircFOXO3 expression in newly diagnosed GBM and recurrent GBM. (C) Relative expression of circFOXO3 in glioma cells after 0, 6 and 10 Gy irradiation. (D) Relative expression of circFOXO3 in glioma cells. (E) CircFOXO3 KD in U87-MG and U251-MG cells by lentivirus transfection; inhibition of circFOXO3 is shown. (F) CircFOXO3 OE in T98G and A172 cells by lentivirus transfection. The data are presented as the mean ± SD.
The expression levels of circFOXO3 in A172, U87-MG, U251-MG, and T98G cells were also quantified after exposure to 0, 6, and 10 Gy irradiation. Compared with that in untreated cells, a significant dose-dependent increase in circFOXO3 was observed in irradiated cells compared to untreated cells, indicating that circFOXO3 expression changes in glioma cells upon radiation exposure (Figure 1C). These findings strongly suggest a critical association between circFOXO3 and radioresistance in glioma.
3.2 Inhibition of circFOXO3 increases the radiosensitivity of GBM in vitro
To explore the role of circFOXO3 in GBM radiotherapy, we constructed stable circFOXO3 KD and OE cell lines via lentiviral vectors. As shown in Figure 1D, T98G and A172 cells presented decreased circFOXO3 expression, whereas U87-MG and U251-MG cells presented elevated circFOXO3 levels. Efficient inhibition of circFOXO3 expression was confirmed in circFOXO3-KD cells compared with the NC cells (Figure 1E).
The impact of circFOXO3 on GBM cell proliferation and DNA damage repair was assessed with or without circFOXO3 KD. Cell Counting Kit-8 (CCK-8) assays revealed that inhibition of circFOXO3 significantly reduced cell proliferation under irradiation, particularly on the third to fifth days (Figures 2A, B). Colony formation assays further revealed that circFOXO3 KD significantly reduced the proliferative capacity of glioma cells under irradiation (Figures 2C, D). To evaluate DNA damage, single-cell electrophoresis and γ-H2AX immunofluorescence assays were performed to evaluate single- and double-strand DNA breaks in vitro. The “comet tail” length increased following irradiation (Figures 2E–H), indicating the induction of DNA strand breaks by X-ray. The percentage of tail DNA (%) was greater in circFOXO3-KD cells than in control cells, as shown in Figures 2E, G. Furthermore, γ-H2AX immunofluorescence analysis revealed an increased γ -H2AX signal at 24 h after irradiation in circFOXO3-KD cells, suggesting that circFOXO3 KD exacerbated radiation-induced DNA double-strand breaks (Figures 2I–J).
[image: Figure 2]FIGURE 2 | Knockdown of circFOXO3 in glioma cells suppressed proliferation and impaired DNA repair processes after irradiation. (A, B) Proliferation of U87-MG and U251-MG cells with or without circFOXO3 KD after 6 Gy irradiation. (C, D) Colony formation of U87-MG and U251-MG cells with or without circFOXO3 KD after 6 Gy irradiation. (E–H) γ-H2AX detection in circFOXO3-KD and NC U87-MG and U251-MG cells after 6 Gy irradiation. (I, J) Single-cell gel electrophoresis analysis of U87-MG and U251-MG cells with or without circFOXO3 KD after 6 Gy irradiation. The images in (C–J) represent three independent experiments. The data are presented as the mean ± SD with triplicate measurements for each group.
3.3 Overexpression of circFOXO3 promotes radioresistance in glioma cells
To further investigate whether circFOXO3 expression levels correlate with radioresistance, we overexpressed circFOXO3 in A172 and T98G cells, as shown in Figure 1F, and subsequently analyzed their potential radioresistance post- irradiation.
Both the CCK-8 and colony formation assays demonstrated that high circFOXO3 expression significantly promoted cell proliferation after exposure to 6 Gy irradiation (Figures 3A–D). Additionally, single-cell electrophoresis and γ-H2AX immunofluorescence assays were performed on circFOXO3-OE cells. These assays revealed a reduction in “comet tail” length and decreased γ-H2AX signals following irradiation (Figures 3E–J), suggesting that circFOXO3 increases the DNA damage repair capacity of GBM cells post-irradiation.
[image: Figure 3]FIGURE 3 | Overexpression of circFOXO3 increases the radioresistance of glioma cells in vitro. (A, B) Proliferation abilities of T98G and A172 cells with or without circFOXO3 OE after 6 Gy irradiation. (C, D) Colony formation of T98G and A172 cells with or without circFOXO3 OE after 6 Gy irradiation, (E–H) γ-H2AX detection in circFOXO3-OE and NC T98G and A172 cells after 6 Gy irradiation. (I, J) Single-cell gel electrophoresis analysis of T98G and A172 cells with or without circFOXO3 OE after 6 Gy irradiation. The images in (C–J) represent three independent experiments. The data are presented as the mean ± SD with triplicate measurements for each group.
3.4 Knockdown of circFOXO3 increases the radiosensitivity of GBM in vivo
To clarify the role of circFOXO3 in vivo and assess its impact on tumor resistance, we established a mouse xenograft model. When the nude mice developed neurological symptoms, the irradiation group was subjected to 6 Gy irradiation. MRI analysis revealed that, compared with the NC group, the circFOXO3 KD group exhibited significant inhibition of tumor growth and reduced tumor volume after irradiation (Figures 4A–C). Moreover, survival analysis revealed a remarkable extension in the lifespan of circFOXO3-KD mice, particularly following irradiation (Figure 4D).
[image: Figure 4]FIGURE 4 | Knockdown of circFOXO3 increases radiosensitivity of GBM in vivo. (A) Representative MRI of xenograft GBM tumors orthotopically inoculated with U87-MG cells, with or without circFOXO3 KD, under irradiation (n = 8 per group). (B) Tumor volumes were calculated for each group using Coniglobus formula. (C) Weights of the mice in each group on the day of MRI detection. (D) Kaplan–Meier survival plots of the overall survival of the mice in the indicated groups (n = 8 per group). Survival curves were compared via Log-rank tests. Performed with Log-rank tests. All the data are presented as the mean ± SD.
These results indicated that circFOXO3 KD increased the radiosensitivity of GBM both in vitro and in vivo.
3.5 Metabolomic profiling of circFOXO3-overexpressing cells after irradiation
To evaluate the overall metabolic impact of radiotherapy on circFOXO3-OE cells, T98G-circFOXO3-OE cells were subjected to single doses of 6 Gy X-ray irradiation in vitro, followed by metabolomics profiling analysis. T98G cells were selected because of their sensitivity and stability in response to radiotherapy, which make them a suitable model for studying circFOXO3-mediated radioresistance.
Orthogonal partial least squares discriminant analysis plots were generated, as shown in Supplementary Figure S1A, B, which revealed that all samples in both positive and negative ion modes were closely clustered, indicating excellent experimental repeatability. Nontargeted LC–MS-based metabolomics identified 1,173 annotated metabolites, with 232 showing specific expression in T98G cells overexpressing circFOXO3 (Figure 5A). The volcano plot indicated that these identified metabolites exhibited significant differences in expression between T98G-circFOXO3-OE cells and the NC cells (VIP > 1 and p < 0.05) (Supplementary Figure S1C). Chemical classification revealed lipids and lipid-like molecules (26.854%), organic acids and derivatives (22.421%), and organoheterocyclic compounds (11.253%) as the three main categories of identified metabolites (Supplementary Figure S1D). Among the altered metabolites, glutathione, 6-hydroxyhexanoate, and chlorambucil were significantly upregulated in T98G-OE cells compared to control cells, whereas isoanhydroicaritin, 4,6-diamino-5-formamidopyrimidine, and pantothenate were notably downregulated.
[image: Figure 5]FIGURE 5 | Metabolomic profiling of circFOXO3-overexpressing cells after irradiation. (A) Heatmap displaying differentially abundant metabolites. Each row represents a metabolite, and each column represents a sample. The color gradient reflects relative metabolite levels. (B) Hierarchical cluster heatmap of samples and differentially abundant metabolites.
The hierarchical cluster heatmap (Figure 5A) provided a visual representation of the differentially abundant metabolites across samples, while pathway enrichment analysis revealed that these metabolites were associated with pathways such as ABC transporters, central carbon metabolism in cancer, and pyrimidine metabolism (Figure 6A). The overall pathway changes were quantified using the differential abundance score (Figure 5B). Notably, the metabolite pathways enriched in the upregulated metabolites included pyrimidine metabolism, glycerophospholipid metabolism, and choline metabolism in cancer. Conversely, pathways such as ABC transporters, biosynthesis of amino acids, and purine metabolism were more enriched among the downregulated metabolites.
[image: Figure 6]FIGURE 6 | Enriched pathways of circFOXO3-overexpressing cells after irradiation. (A) Pathway enrichment analysis of significant differentially abundant metabolites. (B) Pathway map showing glutathione’s involvement in the ROS pathway. Glutathione is highlighted in red and related products and enzymes are highlighted in yellow to indicate their role.
Among the significant alterations in metabolite profiles, elevated levels of glutathione were particularly notable. Glutathione is closely linked to ROS pathways in the cellular response to radiation. To further understand this connection, we examined the involvement of glutathione through KEGG pathway analysis, which is presented in Figure 6B.
3.6 Bioinformatics analysis of circFOXO3 and associated RNA-binding proteins
The secondary structure of circFOXO3 was predicted and is presented in Supplementary Figure S2B. CircMIR analysis revealed multiple microRNA (miRNA) binding sites within circFOXO3 (Supplementary Figure S2A). The primary miRNAs predicted to bind circFOXO3 were listed in Supplementary Table S1 and are visualized in Supplementary Figure S2A. Among these 59 miRNAs, eight were associated with glioma patient prognosis according to The Cancer Genome Atlas (TCGA) database analysis. Additionally, circFOXO3 was found to interact with 8 RNA-binding proteins (RBPs), as identified by circAtlas and CircRNA Interactome (Supplementary Figure S2C). These RBPs were enriched predominantly in biological processes such as positive regulation of translation, RNA splicing, and mRNA processing. With respect to molecular function, the RBPs were associated primarily with RNA binding, mRNA binding, and DNA binding (Supplementary Figure S2D). These results revealed that circFOXO3 exerts its functional effects through interactions with both miRNAs and RBPs.
Given that oxidative stress can regulate the apoptosis of glioma cells via the Caspase pathway (Wen et al., 2023), we further investigated the expression levels of apoptosis-related proteins, including caspase-7, Bcl-2, and Bax, in circFOXO3-KD and NC cells. Western blot analysis revealed a significant increase in the expression of caspase-7 and Bax, along with a notable decrease in the Bcl-2 level (Figure 7). These findings indicate that the suppression of circFOXO3 promotes apoptosis-related signaling in glioma cells following 6 Gy irradiation.
[image: Figure 7]FIGURE 7 | Knockdown of circFOXO3 increases the expression of apoptotic proteins after irradiation. (A, B) Western blot analysis of Bax, Bcl-2, and caspase-7 expression in U87-MG cells with or without circFOXO3 KD. (C, D) Similar analysis in U251-MG cells. The data are presented as the mean ± SD.
4 DISCUSSION
GBM is considered one of the most prevalent primary tumors in the central nervous system. Recent studies have suggested that circRNAs play a significant role in tumor radioresistance by regulating key processes such as DNA damage repair, apoptosis, and cell cycle changes under hypoxic conditions (Lei et al., 2019; Liu et al., 2019; Zhao et al., 2019; Wei et al., 2019; Yang et al., 2019; Yu et al., 2018). In light of these findings, we conducted a series of experiments to assess the function of circFOXO3 in GBM radiosensitivity and performed metabolomics profiling to reveal the underlying mechanism.
Our metabolomics profiling revealed significant alterations in several key metabolites and metabolic pathways, which may contribute to the observed radioresistance in GBM cells. Notably, the elevated levels of glutathione, a critical antioxidant, is closely linked to the ROS pathway in the cellular response to irradiation. ROS are produced as a result of direct high-energy ionizing radiation and indirect radiation hydrolysis. These highly reactive molecules induce oxidative stress, causing damage to cellular DNA, membranes, and proteins, ultimately leading to cell death (Zheng et al., 2023; Luo et al., 2018). Additionally, radiotherapy can promote lipid peroxidation by producing a large number of ROS, upregulating the expression of key enzyme ACSL4, which in turn can lead to ferroptosis (Phadnis et al., 2023). Additionally, the enrichment of metabolites in pathways such as pyrimidine metabolism, glycerophospholipid metabolism, choline metabolism, purine metabolism, and galactose metabolism highlights the extensive metabolic reprogramming in GBM cells. Tumor cells extensively adopt distinct metabolic processes, including the rewired glucose, amino acid, and lipid metabolism, to meet their demands for rapid growth and survival. This metabolic flexibility contributes to tumor progression and may also underlie the development of radioresistance. Indeed, recent studies have shown that glycolysis-to-fatty acid oxidation metabolic rewiring is associated with radioresistant GBM cells and regrown tumors after radiation in syngeneic mice (Jiang et al., 2022). Additionally, radiation-induced rewiring of glucose metabolism has been implicated in altering the radiosensitivity of GBM cells (Bailleul et al., 2023). In addition, our metabolomics analysis revealed that lipids and lipid-like molecules (26.854%), organic acids and derivatives (22.421%), and organoheterocyclic compounds (11.253%) were the three predominant classes of metabolites. These findings suggest that targeting specific metabolic plasticity regulators or pathways could be a promising strategy to enhance the efficacy of radiotherapy in glioma patients.
Although our study provides valuable insights into the potential mechanisms of circFOXO3-mediated radioresistance through bioinformatics analysis of circFOXO3 binding miRNAs and proteins, as well as metabolomics profiling in circFOXO3-overexpressing cells, further research is needed to elucidate the specific downstream targets or pathways affected by circFOXO3. Additionally, advanced delivery systems such as nanoparticle-based therapies, which can achieve selectively delivery, could be explored to accelerate clinical transformation.
In conclusion, our study is the first to establish that the upregulation of circFOXO3 promotes radioresistance in glioma by modulating the levels of key metabolites and the activity of metabolic pathways (Figure 8). These findings suggest that circFOXO3 may serve as a potential diagnostic and therapeutic target in gliomas.
[image: Figure 8]FIGURE 8 | CircFOXO3 regulates multiple metabolic pathways involved in glioblastoma radioresistance.
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