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Glioblastoma (GBM) is a common and refractory subtype of high-grade glioma with a poor prognosis. The epithelial-mesenchymal transition (EMT) is an important cause of enhanced glioblastoma invasiveness and tumor recurrence. Our previous study found that retinoic acid receptor-related orphan receptor A (RORA) is a nuclear receptor and plays an important role in inhibiting proliferation and tumorigenesis of glioma. We further confirmed RORA was downregulated in GBM. Thus, we determined whether RORA was involved in the migration, invasion, and EMT of GBM. Human GBM cell lines, U87 and T98G, and patient-derived glioma stem cells (GSCs), GSC2C and GSC4D, were used for in vitro and in vivo experiments. The expressions of RORA, CASC2, and EIF4A3 in GBM cells and GSCs were detected by RT-qPCR and western blotting. The biological effects of RORA, CASC2, and EIF4A3 on GBM migration, invasion, and EMT were evaluated using the migration assay, transwell assay, immunofluorescence staining, and xenograft experiments. We found that RORA inhibited the migration, invasion, and EMT of GBM. CASC2 could bind to, maintain the stability, and promote the nuclear translocation of RORA protein. EIF4A3 could downregulate CASC2 expression via inducing its cleavage, while RORA transcriptionally inhibited EIF4A3 expression, which formed a feedback loop among EIF4A3/CASC2/RORA. Moreover, gene set enrichment analysis (GSEA) and in vitro and in vivo experiments showed RORA inhibited the aggressiveness of GBM by negatively regulating the TGF-β1/Smad signaling pathway. Therefore, The EIF4A3/CASC2/RORA feedback loop regulated TGF-β1/Smad signaling pathway might become a promising therapeutic strategy for GBM treatment.
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Introduction

Glioblastoma (GBM) is the most deadly and common tumor in the central nervous system (1, 2). Although there has been more progress made recently in GBM treatment using surgery, radiotherapy, and chemotherapy, the therapeutic effects are still not completely satisfactory (3). It has been reported that the 5-year survival is limited to 5% (1, 4). Molecular targeting therapy may be one of the most promising therapies for GBM (5). Therefore, identifying genes that play an important role in GBM may provide new options for treating this disorder.

Retinoic acid receptor-related orphan receptor A (RORA) is a type of nuclear receptor, which is also a transcription factor and binds to the promoter of target genes to regulate the expression and structural changes of target genes (6). Previous studies have shown downregulations of RORA expression in various tumor tissues, such as breast, lung, prostate, and colorectal cancer (7). It has been reported that the epithelial-mesenchymal transition (EMT) is an important cause of enhanced GBM invasiveness and tumor recurrence (8). Our previous study showed that RORA played an anti-tumor role and inhibited the tumorigenesis and proliferation in glioma (9). In the present study, the possible role and effects of RORA in the migration, invasion, and EMT of GBM were identified.

TGF-β/Smad signaling pathway is one of the most important signaling pathway regulating EMT in GBM. It is activated in high-grade gliomas and associated with patients’ poor prognosis (10, 11). Besides, TGF-β signaling pathway was also reported as a potential signature for the mesenchymal subtype of GBM (12). Our study found that the TGF-β signaling pathway was enriched with RORA expression according to gene set enrichment analysis (GSEA), suggesting that RORA might regulate the EMT of GBM via TGF-β/Smad signaling.

Long non-coding RNAs (lncRNAs) are defined as a series of RNA polymerase II transcripts with a length of more than 200 nucleotides, which are involved in various genetic phenomena, such as transcriptional, post-transcriptional, and epigenetic regulations (13–15). LncRNAs have been regarded as a modulator in the induction and progression of GBM (16). Cancer susceptibility candidate 2 (CASC2) is a lncRNA-encoding gene of humans and is located on chromosome 10q26 (17). It has been reported that the low expression of lncRNA CASC2 in glioma serves as a tumor suppressor (18). Bioinformatics analysis predicted that CASC2 might bind to RORA proteins. However, there are limited reports about whether CASC2 regulated the expression of RORA in GBM.

RNA-binding proteins (RBPs) are a series of specific proteins, which could bind to targeted RNA and regulate its processing, localization, transport, and stability (19). Eukaryotic initiation factor 4A3 (EIF4A3) is a member of the DEAD-box RNA helicase family and regarded as one of the special components of the exon junction complex (EJC). EIF4A3 is involved in various RNA metabolic processes such as nonsense-mediated RNA decay (NMD) and RNA splicing (20, 21). It has been reported that EIF4A3 promoted the malignant biological processes of glioblastoma cells via stabilizing LINC00680 and TTN-AS1 (22). This study predicted that EIF4A3 is the most possible candidate RBPs for CASC2 according to the Starbase database. However, the potential mechanisms between EIF4A3 and CASC2 on the biological processes of GBM have not been illustrated.

In the present study, we first found that RORA expressed lower in GBM specimens, which meant the poorer prognosis of GBM patients. RORA overexpression inhibited the migration, invasion, and EMT of GBM via inactivating TGF-β1/Smad signaling pathway in vitro experiments. Furtherly, CASC2 could bind to, regulate the stability and promote the nuclear translocation of RORA protein. Besides, EIF4A3 could downregulate the expression of CASC2 via inducing its cleavage. Moreover, RORA also transcriptionally inhibited the expression of EIF4A3, which formed a feedback loop among EIF4A3/CASC2/RORA. Thus, we aimed to confirm whether the EIF4A3/CASC2/RORA feedback loop played an important role in GBM progression.



Materials and Methods


Cell Culture and Treatment

Normal human astrocytes were purchased from ScienCell Research Laboratories (San Diego, CA, USA) and cultured in astrocyte medium (ScienCell Research Laboratories, Carlsbad, CA, USA). The human GBM cell lines LN229 and T98G were purchased from the American Type Culture Collection (Manassas, VA, USA). The human GBM cell lines, U178 and H4, were purchased from iCell Bioscience (Shanghai, China). The human GBM cell lines, U87, U118, and U251, were purchased from the Chinese Academy of Sciences cell bank (Shanghai, China). All GBM cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone, Logan, UT, USA), supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Gibco) at 37°C with 5% CO2. Six patient-derived primary glioma stem cells (GSCs) with World Health Organization (WHO) grade II, III, and IV (WHO grade II: GSC2C and GSC2D; III: GSC3C and GSC3D; and IV: GSC4C and GSC4D) were cultured as previously described (23). The detailed clinicopathological information is presented in Supplementary Table 1. The stemness of GSCs was detected by immunofluorescence staining of CD133 and nestin (Abcam, Cambridge, UK) and the multi-lineage differentiation capacity of GSCs was detected by immunofluorescence staining of GFAP and β III tubulin (Abcam). Human recombinant TGF-β1 (Abcam) was used as a standard at a concentration of 5 ng/mL.



Patients and Samples

Eighty-seven clinical samples from glioma patients were collected from January 2007 to January 2012 at the First Affiliated Hospital of China Medical University. There were 45 lower-grade gliomas and 42 glioblastomas. During the same period, 18 acute brain injury samples from patients were collected as the control group. Clinical information for these samples is provided in Supplementary Table 2. This study received the approval of the Ethics Committee of the First Affiliated Hospital of China Medical University, and each patient signed an informed consent form.



Lentiviral Vector Construction and Transfection

The lentivirus transfection was performed as previously described (23). The lentivirus-based vectors for RORA, CASC2, and EIF4A3 overexpression, the RNAi mediated knockdown of RORA, CASC2, EIF4A3, and its negative control were all acquired from Gene-Chem (Shanghai, China). The sequences of all siRNAs are listed in Supplementary Table 3. The transfection efficacy was detected by RT-qPCR and western blotting.



RT-qPCR

RT-qPCR was performed as previously described (23). The Mini-BEST Universal RNA Extraction kit (TaKaRa, Kyoto, Japan) was used to extract the total RNA of glioma cells. Then, the Prime-Script RT Master Mix (TaKaRa) was used for first-strand cDNA synthesis. Finally, the RT-qPCR assays were detected using the SYBR Green Master Mix (TaKaRa) via a PCR LightCycler480 (Roche Diagnostics, Basel, Switzerland). Primers used in this study are listed in Supplementary Table 4.



Western Blotting

Western blotting was performed as previously described (23). A total cell protein extraction kit (KeyGen Biotechnology, Nanjing, China) was used to isolate the total proteins of GBM cells or tissues, followed by electrophoresis and transferring to a nitrocellulose membrane, then blocked for 2 h at room temperature with 2% bovine serum albumin (KeyGen Biotechnology). The membranes were incubated overnight at 4°C with the following primary antibodies against: RORA (1:1,000; Abcam), EIF4A3 (1:1,000; Abcam), TGF-β1 (1:1,000; Abcam), p-SMAD2 (1:1,000; Cell Signaling Technology, Danvers, MA, USA), SMAD2 (1:1,000; Cell Signaling Technology), p-SMAD3 (1:1,000; Cell Signaling Technology), SMAD3 (1:1,000; Cell Signaling Technology), Snail (1:1,000; Cell Signaling Technology), Slug (1:1,000; Cell Signaling Technology), E-cadherin (1:2,000; Abcam), vimentin (1:2,000; Abcam), N-cadherin (1:2,000; Abcam), p-AKT (1:1,000; ProteinTech, Chicago, IL, USA), AKT (1:1,000; ProteinTech), p-ERK (1:2,000; ProteinTech), ERK (1:2,000; ProteinTech), p-JNK (1:3,000; ProteinTech), JNK (1:3,000; ProteinTech), p-p38 (1:1,000; ProteinTech), p38 (1:1,000; ProteinTech), and β-actin (1:2,000; ProteinTech). Following a 2 h treatment with secondary antibodies (ProteinTech, Rosemont, IL, USA), all bands were detected using a chemiluminescence ECL kit (Beyotime Biotechnology, Beijing, China) and quantified by ImageJ software (National Institutes of Health, Bethesda, MD, USA). The relative expression was calculated using β-actin as the internal control.



Immunohistochemistry (IHC)

IHC was performed as previously described (23). First, the tumor tissues were embedded in paraffin, sliced into 4 mm sections, and labeled with the following primary antibodies against RORA (1:100; Abcam), TGF-β1 (1:100; Abcam), E-cadherin (1:100; Abcam), and vimentin (1:100; Abcam). Then, the slices were stained with an immunohistochemical labeling kit (MaxVision Biotechnology, Fuzhou, China) and imaged using light microscopy (Olympus, Tokyo, Japan). Finally, the staining intensities and the expression levels were evaluated according to the German immunohistochemical score (10).



Immunofluorescence

Immunofluorescence staining was performed as previously described (23). First, the GBM cells were fixed with 4% paraformaldehyde (Solarbio, Beijing, China) for 10 min, permeabilized with 0.5% Triton X-100 (Solarbio) for 20 min, blocked with 5% bovine serum albumin (Solarbio) for 1 h, and probed with primary antibodies to CD133, nestin, GFAP, βIII-tubulin, E-cadherin, and vimentin (1:100; Abcam) at 4°C overnight. Then, all GBM cell samples were treated with fluorescein isothiocyanate or rhodamine-conjugated secondary antibodies. Subsequently, the cells were counterstained with 4ʹ,6-diamidino-2-phenylindole (Sigma-Aldrich, Shanghai, China). Finally, the staining was visualized using a laser scanning confocal microscope (Olympus).



Cell Migration and Transwell Assays

For the migration assay, the cells were resuspended in serum-free medium (HyClone) at a density of 2 × 105 cells/mL, and then 100 μL of cell suspension was seeded into the upper chamber (Costar, Corning, NY, USA), and 600 μL DMEM/high glucose medium (HyClone) with 10% FBS was added to the lower chamber. After incubation at 37°C for 24 h, the cells were fixed with 4% paraformaldehyde (Solarbio) for 10 min and stained with 1% Crystal Violet solution (Solarbio) for 20 min in room temperature. Finally, the cell numbers were counted by calculating the average of five random fields using an inverted microscope (Olympus). For the Transwell assay, the 8 μm pore size polycarbonate membrane was covered with 80 μL of 50 ng/μL Matrigel solution (BD, Franklin Lakes, NJ, USA). The other steps were the same as the migration assay.



RNA Immunoprecipitation (RIP) Assay

According to the manufacturer’s instructions, the RIP assay was performed via the Imprint RNA Immunoprecipitation Kit (Sigma, USA). All GSCs lysates under different conditions were incubated with RIP buffer, including magnetic beads conjugated with the negative control IgG, anti-RORA, or anti-EIF4A3 antibodies (Millipore, UK). The immunoprecipitated RNAs were acquired after incubated with Proteinase K buffer (Omega, Shanghai, China). Finally, the precipitants were detected using RT-qPCR.



RNA Pull-Down Assay

The RNA pull-down assays were performed as previously described (24). The Pierce Magnetic RNA Protein pull-down Kit (Thermo Fisher Scientific) was used according to the manufacturer’s instructions. Briefly, the biotinylated RNA probes were used to label the purified RNA, and then the biotinylated RNA, the negative control (antisense RNA), and the positive control (input) were mixed and co-incubated with proteins of GSCs. To prepare a probe-magnetic bead complex, the RNA-protein complex was added with magnetic beads. After being washed and boiled, the complexes were detected by western blotting, and β-actin was used for the control.



Nascent RNA Capture

All nascent RNAs were detected using the Click-iT nascent RNA capture kit (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. Briefly, all nascent RNAs were treated with 5-ethynyl uridine (EU), then streptavidin magnetic beads were used to capture the EU-nascent RNAs and finally detected via RT-qPCR.



RNA Stability Evaluation

Actinomycin D (ActD; NobleRyder, China) was added into the cell culture medium to restrain the de novo synthesis of RNA. Then, at different time points, total RNA was isolated and detected by RT-qPCR. Finally, at a certain time point, the half-life of RNA was confirmed by its level decreasing to 50%.



Luciferase Reporter Assay

Luciferase reporter assays were performed as described previously (25). Firstly, the EIF4A3 and TGF-β1 reporter plasmids were constructed by Gene-Chem. The predicted 3’-UTR sequences of EIF4A3 and TGF-β1 and their corresponding mutant sequence were cloned into pGL3 Dual-Luciferase Vector to construct the luciferase reporter vectors (EIF4A3-Wt or EIF4A3-Mut, TGF-β1-Wt or TGF-β1-Mut). Then, the GSCs were seeded into 96-well plates at a density of 5 × 103 cells/well, transfected with EIF4A3-Wt or EIF4A3-Mut, TGF-β1-Wt or TGF-β1-Mut reporter plasmids, and incubated for 48 h. Finally, the luciferase activities were detected using a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISAs were performed as previously described (23). The human TGF-β1 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA) was used to detect the concentrations of TGF-β1 in the media supernatants of the GBM cells and GSCs. All ELISA readings were normalized to the protein concentration in the control groups.



Xenograft Experiments

Xenograft experiments were conducted according to the Animal Care Committee of China Medical University. Six-week-old male BALB/c nude mice (Beijing Vital River Laboratory Animal Technology, Beijing, China) were divided into six groups: control, RORA-OE, CASC2-KD1, CASC2-KD1+RORA-OE, EIF4A3-OE, and EIF4A3-OE+RORA-OE. Each group with five mice was bred in the Laboratory Animal Center of China Medical University under specific pathogen-free conditions. The GSC4D treated with different conditions was orthotopically injected into the mouse brain at 2 mm lateral and 2 mm anterior to the bregma using a stereotaxic apparatus (5 × 104 cells each mouse). Each group was observed daily for distress or death signs. The mice were sacrificed, the tumors isolated, and the tumor volume was calculated according to the formula: V = (D × d2)/2, (D was the longest diameter and d was the shortest diameter). The overall survival times of mice were detected through Kaplan-Meier survival analysis.



Bioinformatics Analysis

The data on RORA mRNA expressions of glioma patients were obtained from the Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn) using the RNA-seq platform and The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov) in HG-U133A platforms. GSEA (http://www.broadinstitute.org/gsea/index.jsp) was used to detect the enrichment of signaling pathways between the high and low RORA expression groups. Starbase (http://starbase.sysu.edu.cn) was used to predict the relative lncRNAs by examining the lncRNAs and RORA 3’-UTR using bioinformatics algorithms.



Statistical Analysis

All experiments were repeated at least three times, and the results are expressed as the mean ± SD using SPSS statistical software for Windows, version 22.0 (SPSS, Chicago, IL, USA). Comparisons of two independent groups were determined using the chi-square test and two-tailed Student’s t-test. The statistical significance among three or more groups was evaluated by one-way analysis of variance. Pearson’s correlation analysis was used to detect the correlation between the two groups. Kaplan-Meier analysis and the log-rank test were conducted to analyze the survival rates of each group. Two-tailed P values < 0.05 were considered significant.




Results


RORA Overexpression Predicts Better Prognoses in GBM Patients

We first detected the expressions of RORA in 87 clinical glioma specimens and 18 normal brain tissues using RT-qPCR, western blotting, and immunohistochemical staining (Figures 1A–C). These results showed that RORA expressed lowest in GBM, followed with lower-grade glioma, and highest expression in normal brain tissues. Besides, we further conducted a Kaplan-Meier survival analysis to evaluate whether the expressions of RORA affected the prognoses of glioma patients (Figures 1D–F). The results showed that RORA significantly impacted survival in GBM patients. However, RORA had no significant effect on the prognoses of lower-grade glioma patients.




Figure 1 | Retinoic acid receptor-related orphan receptor A (RORA) has low expression in glioblastomas and correlates with poorer patient survival, and the expression of RORA in patient-derived GSCs and GBM cell lines. (A–C) RT-qPCR (A), western blotting (B), and immunohistochemistry analyses (C) showing RORA expressions in different clinical glioma specimens, when compared with normal brain tissues (NBTs). β-actin was used as a loading control. (lower-grade glioma, LGG, n = 45; glioblastoma, GBM, n = 42; NBTs, n = 18; P < 0.001; one-way analysis of variance). Scale bar = 50 µm. (D–F) Kaplan-Meier analysis of 87 cases of glioma patients with high RORA expressions versus low RORA expressions. (G–J) RT-qPCR (G, H) and western blotting (I, J) showing RORA expression in six patient-derived GSCs and in GBM cell lines. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.





The Expression of RORA in Patient-Derived Glioma Stem Cells (GSCs) and GBM Cell Lines

We successfully cultured six glioma stem cell lines derived from GBM patients. Afterward, the six GSCs populations were designated GSC2C and GSC2D (WHO grade II), GSC3C and GSC3D (WHO grade III), and GSC4C and GSC4D (WHO grade IV). All GSCs were confirmed using immunofluorescence staining of stem cell markers, CD133 and nestin (Figure S1A), and differentiation markers, GFAP and β-III tubulin (Figure S1B). Both RT-qPCR and western blotting were performed to detect the expressions of RORA in GSCs and common GBM cell lines and normal human astrocytes. The results showed that RORA expression in GSC2C was the highest and in GSC4D were the lowest. We also found that the expressions of RORA in common GBM cell lines were lower than those in normal human astrocytes (Figures 1G–J).



RORA Regulates the Migration, Invasion, and EMT of GBM

Since there was significantly low RORA expression in GBMs, we predicted that RORA might be associated with the aggressiveness of GBMs. U87 cells and GSC2C with the highest RORA expression were used for RORA knockdown, while T98G cells and GSC4D were chosen for RORA overexpression (Figures 1G–J). Both RT-qPCR and western blotting were performed to validate RORA overexpression (Figures 2A, B). We further detected the migration, invasion, and EMT in RORA-overexpressed T98G cells and GSC4D by migration assays, transwell assays, phase contrast microscope, immunofluorescence staining, and western blotting. All results showed that the migration rates, invasion rates, the relative number of mesenchymal-like cells, expression levels of vimentin and N-cadherin significantly decreased, and the relative number of epithelioid-like cells and E-cadherin expression increased (Figures 2C–G). However, we obtained the opposite results in RORA-silenced U87 cells and GSC2C (Figures S2A–G).




Figure 2 | RORA inhibits the migration and invasion of GBM cells in vitro and blocks the epithelial-mesenchymal transition (EMT) in GBM. (A, B) qPCR (A) and western blotting (B) showing the validation of RORA overexpression. (C, D) Representative migration assay and transwell assay showing the migration rates and invasion rates of T98G cells and GSC4D with RORA overexpression, and the negative control. Scale bar = 100 μm. (E) Representative microphotographs showing the morphological changes in RORA-overexpressed T98G cells and GSC4D. Scale bar = 50 μm. (F, G) Representative immunofluorescence staining (F) and western blotting (G) showing the changes in E-cadherin, vimentin, and N-cadherin in T98G cells and GSC4D after RORA overexpression. Scale bar = 50 μm. EV, empty vector; OE, overexpression. All data are expressed as the mean ± SD (three independent experiments). ***P < 0.001.





RORA Negatively Affects the TGF-β1/Smad Signaling Pathway

To identify the specific signaling pathway involved in RORA-regulated migration, invasion, and EMT of GBM, we conducted a GSEA based on the CGGA and TCGA databases and found that RORA expression was associated with the TGF-β signaling pathway (Figures 3A, B). The correlations between RORA and TGF-β1 expressions in 87 cases of clinical glioma specimens were then detected by RT-qPCR, which showed significant negative correlations in lower-grade gliomas and GBMs (Figures 3C, D). Then, we detected the expressions of TGF-β1 after RORA knockdown or overexpression by RT-qPCR, western blotting, and ELISA assays. All results showed that the expressions of TGF-β1 were upregulated in RORA-silenced U87 cells and GSC2C, while the opposite results were found in RORA-overexpressed T98G cells and GSC4D (Figures 3E, F, H, I, L, M). We further detected the downstream proteins of the TGF-β1/Smad signaling pathway by western blotting and found that the expression of p-SMAD2, p-SMAD3, Snail, and Slug were significantly upregulated in RORA-silenced U87 cells and GSC2C (Figure 3L). We obtained the opposite results in RORA-overexpressed T98G cells and GSC4D (Figure 3M). Besides, we also performed western blotting to detect the non-canonical signaling of TGF-β1, including MAPK pathways, JNK, p38 and PI3K cascade. The results showed there was no change in the expression levels of p-ERK, p-JNK, p-p38 and p-AKT after RORA overexpression (Figure S3). Because RORA is a transcription factor, we investigated whether RORA transcriptionally regulated TGF-β1 expression (Figure 3G). We performed luciferase reporter assays and found that the relative luciferase activities of TGF-β1 significantly increased in RORA-silenced U87 cells and GSC2C; however, the opposite results were obtained in RORA-overexpressed T98G cells and GSC4D (Figures 3J, K). Taken together, RORA negatively affected the TGF-β1/Smad signaling pathway.




Figure 3 | RORA regulates the migration, invasion, and EMT of GBM by negatively affecting the TGF-β1/Smad signaling pathway. (A, B) GSEA showing high expression of RORA correlates with the TGF-β signaling pathway in both the Chinese Glioma Genome Atlas and The Cancer Genome Atlas databases. (C, D) The relative expression correlation between RORA and TGF-β1 in 87 cases of glioma patients was detected by RT-qPCR. (E, F) and (H, I) The expression and secretion of TGF-β1 after RORA knockdown (E, H) or overexpression (F, I) was detected by RT-qPCR (E, F) and ELISA (H, I). (G) Sequence motif representing the consensus RORA binding motif (JASPAR database), and Schematic representation of the human TGF-β1 promoter region. (J, K) RORA knockdown (J) or overexpression (K) altered the luciferase promoter activities of TGF-β1. (L, M) Western blotting showing that the downstream targets of the TGF-β1/Smad signaling pathway were regulated after RORA knockdown (L) or overexpression (M). NC, negative control; KD, knockdown; EV, empty vector; OE, overexpression. All data are expressed as the mean ± SD (three independent experiments). ***P < 0.001.





Recombinant TGF-β1 Treatment Abrogates the Inhibiting Effects of RORA on the Migration, Invasion, and EMT of GBM

To confirm whether RORA inhibited the migration, invasion, and EMT of GBM via negatively affecting the TGF-β1/Smad signaling pathway, the RORA-overexpressed GSC4D was treated with human recombinant TGF-β1. Both the migration assays and the transwell assays found that RORA overexpression-induced migration and invasion inhibition was reversed after TGF-β1 treatment (Figures S4A, B). We then used phase-contrast microscopy to observe the cell morphology and found that RORA-overexpressed GSC4D showed more mesenchymal-like morphology after TGF-β1 treatment. However, the epithelioid-like morphology decreased after TGF-β1 treatment (Figure S4C). Subsequently, we detected E-cadherin, vimentin, and N-cadherin by immunofluorescence staining and western blotting (Figures S4D, E). The results showed that E-cadherin expression decreased and vimentin and N-cadherin expression increased in RORA-overexpressed GSC4D after TGF-β1 treatment. Besides, the expression of p-SMAD2, p-SMAD3, Snail, and Slug were also upregulated in RORA-overexpressed GSC4D after TGF-β1 treatment. In summary, RORA inhibited the migration, invasion, and EMT of GBM via inhibiting the TGF-β1/Smad signaling pathway. Moreover, we also explored whether RORA inhibited the proliferation of GBM via TGF-β1/Smad signaling pathway. Both MTS and EDU assays confirmed that RORA can inhibit the proliferation of GBM and these inhibiting effects were reversed after TGF-β1 treatment (Figures S5A, B).



CASC2 Binds to and Maintains the Stability of the RORA Protein

Increasing evidence has revealed that lncRNAs in the cytoplasm may conduct as decoys for miRNAs or proteins (26). The expression level of lncRNA CASC2 is downregulated in glioma, which is similar to our previous research that CASC2 serves as a tumor suppressor. Moreover, we have certified that RORA mRNA and protein were also downregulated in glioblastoma. Therefore, we further studied the relationship between CASC2 and RORA in GBM. It was predicted that CASC2 could bind to RORA proteins according to catRAPID (Figure 4A). Then RIP assays were performed and indicated an obvious enrichment of CASC2 co-precipitated within RORA immunocomplex. The relative enrichment of CASC2 in the anti-RORA group was obviously decreased after RORA knockdown but increased after RORA overexpression. However, the relative enrichment of CASC2 in the IgG-treated group showed no significant changes (Figures 4B, C). Moreover, RNA pull-down assays also showed that CASC2 could bind to RORA protein in both GSC2C and GSC4D (Figures 4D, E). Besides, we performed RT-qPCR to validate the efficiency of CASC2 knockdown or overexpression (Figure 4F). Our study also certified that CASC2 could upregulate the expression of RORA protein according to the western blotting (Figures S6A, B). Surprisingly, we found that RORA mRNA expression had no significant change after CASC2 overexpression or knockdown via RT-qPCR (Figures S6C, D).




Figure 4 | LncRNA CASC2 binds to and maintains the stability of RORA protein and promotes the nuclear translocation of RORA. (A) CatRAPID predicts that CASC2 can bind to RORA proteins. (B, C) The RNA immunoprecipitation (RIP) assay was performed in GSC2C or GSC4D after RORA knockdown or overexpression, and negative control was transfected, followed by q-PCR to detect the enrichment of CASC2 and RORA. (D, E) The RNA pull-down assays showed the RORA protein immunoprecipitation with CASC2 as detected by western blotting. (F) qPCR showing the validation of CASC2 knockdown or overexpression. (G) CASC2-silenced GSC2C, and CASC2-overexpressed GSC4D and their control were treated with or without MG132 (50 µM) for 6 h, then, cell lysates were detected by western blotting with indicated antibodies, β-actin was used as the control. (H, J) CASC2-silenced GSC2C, and CASC2-overexpressed GSC4D were treated with cycloheximide (CHX, 100 ng/ml) to indicate periods of time, and cell lysates were detected by western blotting to indicate the half-life of RORA protein. (I) Representative images of subcellular localization of RORA in CASC2-silenced GSC2C and CASC2-overexpressed GSC4D were shown by immunofluorescence. Scale bars=50 µm. (K, L) Nuclear and cytosolic lysates were extracted from CASC2-silenced GSC2C and CASC2-overexpressed GSC4D, followed by western blotting with indicated antibodies. EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). ***P < 0.001.



Next, we tried to explore the possible molecular function between CASC2 and RORA protein. Since the protein levels in tumor tissues could be regulated by transcription, mRNA translation, protein stability, or proteasome-mediated degradation (27), we speculated that CASC2 might upregulate RORA protein expression by maintaining the protein stability. Notably, the reduced protein level of RORA by CASC2 knockdown was apparently recovered after MG-132 treatment in GSC2C, while the opposite results were obtained in CASC2-overexpressed GSC4D (Figure 4G). Moreover, cycloheximide (CHX) chase assay demonstrated that RORA in CASC2-silenced GSC2C showed shorter half-life, while the half-life of RORA was much longer in CASC2-overexpressed GSC4D than that in controls (Figures 4H, J), suggesting that the regulation of RORA protein by CASC2 might through inhibiting proteasome degradation. Taken together, these results suggested that CASC2 could bind to RORA proteins and actively regulate the expression of RORA proteins.



CASC2 Promotes the Nuclear Translocation of RORA

Since lncRNA can regulate the distribution of targeted genes in the nucleus and cytoplasm, the distribution of RORA in GSCs was observed via immunofluorescence staining (Figure 4I). The results showed that RORA levels presented in the nucleus and cytoplasm were obviously decreased in CASC2-silenced GSC2C, while an increased RORA level was presented after CASC2 overexpression in GSC4D. Then western blotting analysis of nuclear and cytosolic fractions was performed, and similar results were also obtained (Figures 4K, L). CASC2 overexpression can upregulate RORA expression in nuclear and cytosolic, while the opposite results were obtained after CASC2 knockdown. Together, these results suggested that CASC2 could promote the nuclear translocation of RORA.



CASC2 Inhibits the Migration, Invasion, and EMT of GBM, and the Inhibiting Effects Are Reversed by RORA Knockdown

Previous studies have confirmed that CASC2 functions as a suppressor for glioma and could inhibit glioma cell proliferation (28, 29). To further confirm that CASC2 inhibited the migration, invasion, and EMT of GBM, we first detected the migration, invasion, and EMT in the CASC2-overexpressed GSC4D. All results showed that the migration rates, invasion rates, the relative number of mesenchymal-like cells, the expression levels of vimentin and N-cadherin significantly decreased, and the relative number of epithelioid-like cells and E-cadherin expression were increased in CASC2-overexpressed GSC4D, while the inhibitory effects of CASC2 overexpression were reversed after RORA knockdown via rescue experiments (Figures 5A–D). In summary, CASC2 inhibited the migration, invasion, and EMT of GBM, and the inhibiting effects were restrained following RORA knockdown.




Figure 5 | CASC2 inhibits the migration, invasion, and EMT of GBM, and the inhibitory effects are reversed by RORA knockdown. (A, B) Representative migration assays and Transwell assays showing the migration rates and invasion rates, and representative microphotographs showing the morphological changes in CASC2-overexpressed GSC4D, reversed by RORA knockdown, and the negative control. The migration assay and Transwell assay: scale bar = 100 μm, microphotographs: scale bar = 50 μm. (C, D) Representative immunofluorescence staining (C) and western blotting (D) showing the changes in E-cadherin, vimentin, and N-cadherin in GSC4D with CASC2 overexpression, reversed by RORA knockdown. Scale bar = 50 μm. EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.





EIF4A3 Downregulates the Expression of CASC2 via Inducing Its Cleavage

RBPs are a special protein that can bind to lncRNA and regulate its processing, transport, localization, and stability (30). We found that EIF4A3 was the most probable RBP to interact with CASC2 according to the Starbase database. Firstly, we performed RT-qPCR and western blotting to validate EIF4A3 silencing or overexpression (Figures 6A–D). Then RIP assay showed that the enrichment of CASC2 was significantly increased in the anti-EIF4A3 group compared with the negative control anti-IgG group. The relative enrichment of CASC2 in the anti-EIF4A3 group was obviously increased after EIF4A3 knockdown but decreased after EIF4A3 overexpression. However, the relative enrichment of CASC2 in the IgG-treated group showed no significant changes (Figures 6E, F). Moreover, RNA pull-down assays also showed that the CASC2-wt probe pulled down EIF4A3 in GSC2C and GSC4D, rather than the CASC2-mt probe (Figures 6G, H).




Figure 6 | EIF4A3 downregulates the expression of CASC2 via inducing its cleavage, while RORA transcriptionally regulates the expression of EIF4A3. (A–D) qPCR (A, C) and western blotting (B, D) showing the validation of EIF4A3 knockdown or overexpression. (E, F) The RNA immunoprecipitation (RIP) assay was performed in GSC4D or GSC2C after EIF4A3 knockdown or overexpression, and negative control was transfected, followed by q-PCR to detect the enrichment of CASC2 and EIF4A3. (G, H) The RNA pull-down assays showed the EIF4A3 protein immunoprecipitation with CASC2 as detected by western blotting. (I) RT-qPCR showing the expression of CASC2 after EIF4A3 knockdown or overexpression. (J) The nascent CASC2 was detected by RT-qPCR. (K) Graphs showing CASC2 levels at different times treated by actinomycin D in GSC4D and GSC2C. (L) RT-qPCR showing the expression of EIF4A3 after RORA knockdown or overexpression. (M) Western blotting showing the expression of EIF4A3 protein in RORA-silenced GSC2C and RORA-overexpressed GSC4D. (N) The luciferase reporter assays showed that RORA knockdown or overexpression affected the luciferase activities of EIF4A3 in GSCs. EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). **P < 0.01; ***P < 0.001; n.s., not significant.



We also performed RT-qPCR and found that the expression of CASC2 increased in GSC4D after EIF4A3 knockdown while decreased in GSC2C after EIF4A3 overexpression (Figure 6I). To further elucidate the mechanism of EIF4A3 downregulated CASC2 expression, we next analyzed the transcription of nascent CASC2 in EIF4A3-silenced GSC4D and EIF4A3-overexpressed GSC2C by RT-qPCR. All these results showed that EIF4A3 could not regulate the transcription of nascent CASC2 (Figure 6J). However, RNA stability measurement showed that the half-life of CASC2 was significantly prolonged after EIF4A3 knockdown, while shortened after EIF4A3 overexpression (Figure 6K). Taken together, these results suggested that EIF4A3 could bind to CASC2 and downregulated the expression of CASC2 via inducing its cleavage.



RORA Transcriptionally Regulates the Expression of EIF4A3

We further explored the interaction between RORA and EIF4A3. Both RT-qPCR and western blotting showed that the expressions of EIF4A3 were increased after RORA knockdown while decreased after RORA overexpression (Figures 6L, M). We next performed luciferase reporter assays and found that the relative luciferase activities of EIF4A3 significantly increased in RORA-silenced GSC2C. However, the opposite results were obtained in RORA-overexpressed GSC4D (Figure 6N). All these results suggested that RORA transcriptionally inhibited the expression of EIF4A3.



EIF4A3 Induced the Migration, Invasion, and EMT of GBM, and These Induction Effects Were Restrained Following CASC2 Overexpression

To confirm the common effects of EIF4A3 and CASC2 on the migration, invasion, and EMT of GBM, we detected the migration, invasion, and EMT in EIF4A3-overexpressed GSC2C. All results showed that the migration rates, invasion rates, the relative number of mesenchymal-like cells, expression levels of vimentin and N-cadherin were significantly increased, and the relative number of epithelioid-like cells and E-cadherin expression were decreased in EIF4A3-overexpressed GSC2C, while the promoting effects of EIF4A3 overexpression were reversed after CASC2 overexpression (Figures S7A–D). In summary, EIF4A3 promoted the migration, invasion, and EMT of GBM, and the promoting effects were reversed following CASC2 overexpression. Besides, we detected the expression of TGF-β1 after CASC2 or EIF4A3 knockdown or overexpression by qPCR and western blotting. The results showed that CASC2 negatively regulated TGF-β1 expression (Figures S8A–D), while EIF4A3 positively regulated the expression of TGF-β1 (Figures S8E–H).



The EIF4A3/CASC2/RORA Feedback Loop Regulates GBM Tumorigenesis In Vivo

To evaluate the effects of RORA on GBM tumorigenesis, we further constructed orthotopic xenograft models. The results showed that tumor volumes were decreased in the RORA-OE group, the CASC2-KD1+RORA-OE group, and the EIF4A3-OE+RORA-OE group when compared with the control group, while the tumor volumes were significantly increased in the CASC2-KD1 group and the EIF4A3-OE group compared with the control group (Figures 7A, B). Besides, IHC assays showed that in the RORA-OE group, the CASC2-KD1+RORA-OE group, and the EIF4A3-OE+RORA-OE group, the staining intensity and expression levels of RORA and E-cadherin were increased compared with the control group, while the expression levels of TGF-β1 and vimentin were decreased. However, the opposite results were obtained in the CASC2-KD1 group and the EIF4A3-OE group (Figure 7C). Moreover, Kaplan-Meier survival analysis showed that the survival times in the RORA-OE group, the CASC2-KD1+RORA-OE group, and the EIF4A3-OE+RORA-OE group were longer than the control group, while the opposite results were obtained in the CASC2-KD1 group and the EIF4A3-OE group (Figure 7D). To illustrate our findings, the schematic diagram in Figure 7E shows that the EIF4A3/CASC2/RORA feedback loop regulates the tumorigenesis, migration, invasion, and EMT of GBM through negatively affecting the TGF-β1/Smad signaling pathway.




Figure 7 | The EIF4A3/CASC2/RORA axis regulates GBM tumorigenesis in vivo. (A) Representative image shows the size of intracranial tumors in the coronal location of six groups (negative control, RORA overexpression, CASC2 knockdown, CASC2 knockdown combined with RORA overexpression, EIF4A3 overexpression, and EIF4A3 overexpression combined with RORA overexpression in GSC4D). Scale bar = 10 mm. (B) The measured tumor volumes among six groups are indicated. (C) Representative immunohistochemical staining showing the changes in RORA, TGF-β1, vimentin, and E-cadherin in the negative control, RORA overexpression, CASC2 knockdown, CASC2 knockdown combined with RORA overexpression, EIF4A3 overexpression, and EIF4A3 overexpression combined with RORA overexpression in orthotopic xenograft models. Scale bar = 50 μm. (D) Kaplan-Meier survival curves show that the CASC2 knockdown and EIF4A3 overexpression in GSC4D shortened the survival times of nude mice, while it prolonged the survival times after RORA overexpression, CASC2 knockdown combined with RORA overexpression, and EIF4A3 overexpression combined with RORA overexpression. For each group, n = 5. (E) Schematic diagram showing that the EIF4A3/CASC2/RORA axis regulated the migration, invasion, and EMT of GBMs through the TGF-β1/Smad signaling pathway. EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.






Discussion

Glioblastoma is the most frequent and aggressive primary brain tumor associated with a poor prognosis (31). In our previous study, RORA was confirmed as a suppressor in glioma, which inhibited the proliferation and tumorigenesis of glioma cell lines and GSCs (9). In the present study, we furtherly found that RORA expression in GBM was lower than in lower-grade glioma, indicating that RORA may inhibit the invasion and migration in GBMs. Studies have shown that EMT is an important cause of enhanced GBM invasiveness, tolerance to radiotherapy and chemotherapy, and tumor recurrence (8, 32). We further confirmed that RORA inhibited the migration, invasion, and EMT of GBMs.

In addition, we characterized the possible downstream mechanism involved in RORA inhibition of migration, invasion, and EMT of GBMs. We conducted a GSEA based on CGGA and TCGA GBM databases and found that the TGF-β signaling pathway was enriched in the higher RORA expression groups. However, all RT-qPCR, western blotting, and ELISA results showed that RORA negatively regulated TGF-β1 expression. Moreover, several studies have confirmed that the TGF-β1/Smad signaling pathway is involved in the invasion and EMT of GBM (10, 33, 34). We further confirmed that RORA inhibited the migration, invasion, and EMT of GBMs by negatively regulating the TGF-β1/Smad signaling pathway.

It has been reported that lncRNAs play vital roles in regulating the biological processes of tumors, including GBM (35). For example, LncRNA PVT1 promotes tumorigenesis and glioma progression by regulating the miR-128-3p/GREM1 axis and BMP signaling pathway (36). LncRNA PLAC2 downregulates the expression of RPL36 and blocks cell cycle progression in glioma via a mechanism involving STAT1 (37). In the present study, it was predicted that CASC2 could bind to RORA proteins according to catRAPID. Previous studies have already reported the low expression of CASC2 in glioma, where it acts as a tumor suppressor, resulting in a poorer prognosis and clinicopathological features of glioma patients (28, 29, 38). Our study further confirmed that CASC2 could bind to and maintain the stability of RORA protein and also promote the nuclear translocation of RORA. Besides, we certified that CASC2 inhibited the migration, invasion, and EMT of GBM, and the inhibitory effects could be reversed by RORA knockdown. All of these results suggested that there existed an interaction between CASC2 and RORA.

Previous studies illustrated that RBPs could bind to RNAs and regulate their transcription, splicing, editing, translocation, and stability (30, 39). Since EIF4A3 is involved in various RNA metabolic processes, including nonsense-mediated RNA decay and RNA splicing, for example, EIF4A3-induced circular RNA ASAP1 (circASAP1) facilitates tumorigenesis and temozolomide resistance of glioblastoma via NRAS/MEK1/ERK1/2 signaling pathway (40). In the present study, it was predicted that EIF4A3 was the most probable candidate RBP to interact with CASC2 according to the Starbase database. We further confirmed that EIF4A3 could bind to CASC2 via RIP assay and RNA pull-down assay. Moreover, we found that EIF4A3 downregulated the expression of CASC2 via inducing its cleavage. We further explored the interaction between RORA and EIF4A3 and found that RORA transcriptionally inhibited the expression of EIF4A3. In vitro experiments, we confirmed that EIF4A3 induced the migration, invasion, and EMT of GBM, and these induction effects were restrained following CASC2 overexpression. So far, we conclude that the EIF4A3/CASC2/RORA feedback loop is involved in the migration, invasion, and EMT of GBMs. Finally, we confirmed that the EIF4A3/CASC2/RORA feedback loop participated in the tumorigenesis in vivo.

In summary, we first found abnormally low expression of RORA in GBM in clinical specimens. Then gene set enrichment analysis (GSEA) and in vivo and in vitro experiments showed that RORA might inhibit the migration, invasion, and EMT of GBM by regulating the TGF-β1/Smad signaling pathway. Mechanistically, we found EIF4A3 could downregulate the expression of CASC2 via inducing its cleavage. Besides, CASC2 can bind to, maintain the stability, and promote the nuclear translocation of RORA protein. RORA can furtherly transcriptionally inhibit the expression of EIF4A3, which forms a feedback loop among EIF4A3/CASC2/RORA. Therefore, the lower expression of RORA played a vital role in the invasiveness of GBMs via EIF4A3/CASC2/RORA feedback loop regulated TGF-β1/Smad signaling pathway might represent a promising therapeutic strategy for the treatment of GBM.
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Supplementary Figure 1 | The validation of glioma stem cells. (A) Representative immunofluorescence staining of CD133 and nestin in patient-derived GSCs. Scale bar = 50 μm. (B) The patient-derived GSCs became adherent and differentiated into GFAP or β III tubulin-positive cells. Scale bar = 50 μm.

Supplementary Figure 2 | RORA inhibits the migration, invasion, and EMT of GBM in vitro. (A, B) qPCR (A) and western blotting (B) showing the validation of RORA knockdown. (C, D) Representative migration assay and transwell assay showing the migration rates and invasion rates of U87 cells and GSC2C with RORA knockdown, and the negative control. Scale bar = 100 μm. (E) Representative microphotographs showing the morphological changes in RORA-silenced U87 cells and GSC2C. Scale bar = 50 μm. (F, G) Representative immunofluorescence staining (F) and western blotting (G) showing the changes in E-cadherin, vimentin, and N-cadherin in U87 cells and GSC2C after RORA knockdown. Scale bar = 50 μm. NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 3 | Western blotting showing the expression of non-canonical TGF-β/Smad signaling, including MAPK pathways, JNK, p38, and PI3K cascade after RORA overexpression. EV, empty vector; OE, overexpression.

Supplementary Figure 4 | RORA regulates the migration, invasion, and EMT of GBM by negatively affecting the TGF-β1/Smad signaling pathway. (A, B) Representative migration assays and Transwell assays showing the migration rates and invasion rates of RORA-overexpressed GSC4D after TGF-β1 treatment, and the negative control treated with dimethyl sulfoxide. Scale bar = 100 μm. (C) Representative microphotographs showing the morphological changes in RORA-overexpressed GSC4D after TGF-β1 treatment. Scale bar = 50 μm. (D, E) Representative western blotting (D) and immunofluorescence staining (E) showing the changes in E-cadherin, vimentin, N-cadherin, and the downstream targets of the TGF-β1/Smad signaling pathway in RORA-overexpressed GSC4D after TGF-β1 treatment. Scale bar = 50 μm. EV, empty vector; OE, overexpression. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 5 | RORA regulates the proliferation of GBM by negatively affecting the TGF-β1/Smad signaling pathway. (A) MTS assay showing the cell viability decreased in T98G cells after RORA overexpression, while increased following TGF-β1 treatment. (B) EDU assay showing the relative ratio of EDU positive cells decreased in T98G cells after RORA overexpression, while increased following TGF-β1 treatment. Scale bar = 100 μm. EV, empty vector; OE, overexpression. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 6 | CASC2 regulates the expression of RORA protein rather than the expression of RORA mRNA. (A, B) Western blotting showing RORA protein expression after CASC2 overexpression (A) or knockdown (B). (C, D) RT-qPCR showing the expression of RORA mRNA after CASC2 overexpression (C) or knockdown (D). EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 7 | EIF4A3 induced the migration, invasion, and EMT of GBM, and these induction effects were restrained following CASC2 overexpression. (A, B) Representative migration assay and Transwell assay showing the migration rates and invasion rates of GSC2C with EIF4A3 overexpression, while reversed after CASC2 overexpression. Scale bar = 100 μm. Representative microphotographs showing the morphological changes in EIF4A3-overexpressed GSC2C, while also reversed after CASC2 overexpression. Scale bar = 50 μm. (C, D) Representative immunofluorescence staining and western blotting showing the changes in E-cadherin, vimentin, and N-cadherin in GSC2C after EIF4A3 overexpression, while reversed after CASC2 overexpression. Scale bar = 50 μm. EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 8 | The expression of TGF-β1 after CASC2 or EIF4A3 knockdown or overexpression. (A, B) qPCR (A) and western blotting (B) showing the expression of TGF-β1 increased in U87 cells and GSC2C after CASC2 knockdown. (C, D) qPCR (C) and western blotting (D) showing the expression of TGF-β1 decreased in T98G cells and GSC4D after CASC2 overexpression. (E, F) qPCR (E) and western blotting (F) showing the expression of TGF-β1 decreased in U87 cells and GSC2C after EIF4A3 knockdown. (G, H) qPCR (G) and western blotting (H) showing the expression of TGF-β1 increased in T98G cells and GSC4D after EIF4A3 overexpression. EV, empty vector; OE, overexpression; NC, negative control; KD, knockdown. All data are expressed as the mean ± SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.
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