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Abstract
Background
The TGF-β signalling pathway is intricately associated with the progression of glioblastoma (GBM). The objective of this study was to examine the role of circRNAs in the TGF-β signalling pathway.

Methods
In our research, we used transcriptome analysis to search for circRNAs that were activated by TGF-β. After confirming the expression pattern of the selected circRYK, we carried out in vitro and in vivo cell function assays. The underlying mechanisms were analysed via RNA pull-down, luciferase reporter, and RNA immunoprecipitation assays.

Results
CircRYK expression was markedly elevated in GBM, and this phenotype was strongly associated with a poor prognosis. Functionally, circRYK promotes epithelial-mesenchymal transition and GSC maintenance in GBM. Mechanistically, circRYK sponges miR-330-5p and promotes the expression of the oncogene VLDLR. In addition, circRYK could enhance the stability of VLDLR mRNA via the RNA-binding protein HuR.

Conclusion
Our findings show that TGF-β promotes epithelial-mesenchymal transition and GSC maintenance in GBM through the circRYK-VLDLR axis, which may provide a new therapeutic target for the treatment of GBM.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-024-03000-3.
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Introduction
Glioblastoma (GBM) is among the most lethal and resistant types of malignant solid tumours [1, 2]. Although improvements have been made in the treatment of GBM [3], favourable results are frequently not observed; as the illness worsens, individuals with these tumours typically have a bleak outlook and poor quality of life [4, 5]. Accumulating evidence indicates that glioblastoma stem-like cells (GSCs) play a role in promoting tumour formation, resistance to radiation and chemotherapy, and disease recurrence [6, 7].However, the specific mechanism responsible for the maintenance of GSC tumorigenicity remains unclear [8–10].
Transforming growth factor beta (TGF-β) is a multifunctional cytokine that plays a vital role in regulating the progression of glioblastoma (GBM) and the ability of glioblastoma stem cells (GSCs) to regenerate themselves [11, 12]. Glioma patients with high TGF-β activity have a worse prognosis than do those with low activity. Research has shown that TGF-β1 stimulates the proliferation of glioma-initiating cells (GICs) by activating LIF or Sox2 [13]. Suppression of TGF-β function reduces the number of CD44high/ID1high GICs by inhibiting the activities of ID1 and ID3 [14, 15].
Circular RNA (circRNA) is a distinct kind of noncoding RNA molecule [16]. Circular RNA (circRNA) molecules exhibit a closed circular loop that stays intact even in the presence of RNA exonucleases [17]. CircRNAs lack distinct 5′ and 3′ ends, which are features of linear RNAs [18]. CircRNAs have several functions; for example, they can act as transcriptional regulators, RNA-binding proteins (RBPs), and microRNA (miRNA) sponges [19, 20]. Recent studies have revealed that circRNAs inhibit the malignant progression of breast, liver, and gastric cancers by sponging miRNAs or binding RBPs [21, 22]. However, many underlying mechanisms that in glioblastoma have not been identified.
Our recent study showed that TGF-β-activated circRYK expression is elevated and associated with glioma prognosis. Furthermore, we investigated the function and mechanism of circRYK in glioblastoma. Functionally, the downregulation of circRYK reduced GBM cell migration, invasion, and GSC maintenance. The circRYK molecule may function as a molecular sponge for miR-330-5p, leading to an increase in the expression of the VLDLR oncogene and advancing the progression of GBM. Moreover, we found that circRYK promotes the growth of GBM by enhancing the production and stability of VLDLR mRNA via RNA-binding proteins. Furthermore, the expression of circRYK is closely associated with poor prognosis in GBM patients. The findings indicate that circRYK might function as a prognostic biomarker and a promising target for therapeutic intervention in GBM.

Materials and methods
Clinical specimens
From the Jiangsu Provincial People’s Hospital, surgical resection was used to retrieve specimens from 40 glioma patients. As negative controls, normal brain tissue samples (NBTs) from 10 individuals with cerebrovascular abnormalities, severe traumatic brain injury, and ongoing craniotomy decompression were also used. Following a liquid nitrogen freeze, samples were surgically removed and preserved. For the purpose of identifying glioma samples, skilled pathologists employed World Health Organization (WHO) diagnostic standards. Our study plan was authorized by the ethical council of Nanjing Medical University, and informed permission was acquired from the patients and their families for each tissue sample. Specific patient data are included in Supplementary Table 1.

Cell lines and cell culture
The Chinese Academy of Sciences Cell Bank (Shanghai, China) was used to get the glioma cell lines U87, U251, U118, LN229, and T98. After being created from surgical GBM specimens, the primary GBM cell line (pGBM-1) was harbored in a DMEM medium with 10% FBS [23]. Supplementary Table 2 outlines the details of pGBM-1. Normal human astrocytes (NHAs) were provided courtesy of the American Type Culture Collection (ATCC). For TGF-β assays, glioma cells were treated with 0 ng/ml or 10 ng/ml TGF-β1 for 24 h [24]. Stable cloned cell lines were screened and isolated for subsequent functional studies in vitro and in vivo.

Transfection
The shRNAs, miR-330-5p mimics, miR-330-5p antagomir (100 nmol/L), overexpression plasmids, and their respective negative controls were obtained from GenePharma (Shanghai, China). These molecules were transfected into cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) following the instructions provided by the manufacturer.

Western blot assay
Using RIPA buffer obtained from KeyGEN, multiple clusters of GBM cells were lysed at low temperatures. The protein lysates were then centrifuged at a velocity of 12,000 RPM revolutions per minute. After collecting the supernatant, it was electrophoresed on a polyacrylamide gel that contained 10% SDS. The gel was transferred to a PVDF membrane (Millipore, USA), and 5% skim milk was used to block it. Following that, primary antibodies were added and kept at 4 °C for the whole night [25]. Subsequently, the membranes were incubated with either anti-rabbit IgG or anti-mouse IgG at room temperature for two hours. The gel imaging system was then utilized for exposure (Bio-Rad, USA). Further information on the complete set of antibody data is included in supplementary Table 2.

Immunohistochemistry
The mouse brain was sliced into sections that were 3.5–4 mm thick, paraffin-embedded, and preserved in 4% paraformaldehyde (BOSTER, Wuhan, China). Slices of the paraffin-fixed, alcohol-hydrated brain tissue were taken out in xylene and stained with HE [26]. After three 5-minute washes in PBS, the samples were stained for five minutes with hematoxylin (Sigma, USA). Eosin (USA, Sigma) was used as a staining agent for a duration of two minutes to facilitate microscopic examination of the purity of the nuclei and cytoplasm. A standard dehydration, sealing, microscope analysis, and photo collecting came next.

Quantitative RT–PCR
Utilizing TRIzol (Invitrogen), total RNA was isolated from tissues and cells. The mRNA was reverse transcribed using PrimeScript RT Master Mix (TaKaPa) [27]. With 18 S rRNA acting as the internal reference, the relative quantification of circRYK and VLDLR was calculated using the 2–ΔΔCT method [28]. For circRYK and VLDLR, standardization to β-actin was performed, respectively. Each of these responses was executed three times. Thermo Fisher’s StepOnePlus Real-Time PCR System was utilized for the quantitative PCR experiments, and agarose gel electrophoresis (AGE) was utilized to analyze the results. The extra file’s Supplemental Table 2 lists all primer sequences.

Transwell assay
As previously mentioned, Transwell was utilized to assess the invasion and migration of glioma cells. The two significant modifications were switching to a modified 8 mm pore size culture technique and covering the top chamber with matrigel. After 10%FBS medium and serum-free media were added to Transwell Inserts, transfected cells were added [29]. Cells were fixed after a 24-hour growth phase, crystal violet staining, and storage in 4% paraformaldehyde. The number of cells that could be seen through the perforations was counted after photographs were taken using an Olympus microscope and ImageJ software. For each experiment, each step was repeated three times.

Wound‑healing assay
Prior to being transferred to the confluence, GBM cells were cultivated in 6-well plates to assess the impact of transfection on each individual GBM cell line. A 200 µL pipette tip was utilized to scrape cell monolayers. Cell movement was recorded utilizing an Olympus microscope (Olympus, Tokyo, Japan) at 0 h, 24 h, and 48 h.

Immunofluorescence
The cells were seeded into 24-well culture plates, and lentiviral vectors were then used to silence circRYK (shcircRYK) or function as a control (shCONT), fix the cells in 4% paraformaldehyde for 15 min, then permeabilize the cells with 0.3% Triton X-100 for 30 min at 37 °C. The cells were treated with FITC-conjugated secondary antibody and 5% BSA in PBS for one hour at room temperature in the dark, after which they were blocked for thirty minutes with 10% goat serum. Fluorescent Abs were then incubated at 4 °C for an additional night. The cells were then stained with DAPI for 5 min. Pictures were obtained utilizing a confocal microscope (Leica Microsystems) [30].

Three-dimensional spheroid assay
At a viscosity of 2 × 104 cells/mL and 70% confluence, expanded transfected cells were added to 96-well ultra-low adherence plates (#7007, Costar). The inclusion of matrigel enabled the cells to join to form a multicellular spheroid after 96 h and then after 48 h. Fluorescence microscopy was used to analyze cell motility after that.

Glioma stem cell viability assay
After being gathered, digested, resuspended, and distributed onto sizable plates, the GSCs were cultured for 48 h at 37 °C with 5% carbon dioxide. GSC cells were harvested and centrifuged at 600 rpm for 5 min to eliminate nonviable cells, and the sample was then analyzed [31]. The supernatant was discarded after adding and suspending 2 mL of trypsin for 5 min. After adding two to three millilitres of medium and resuspending the sample, the supernatant was extracted by repeating centrifugation. The volumes of 1 × 103 cells were estimated after the counting of the cells (1 × 103 cells per well). Each well in the control and experimental groups received 200 µL of media and a volume of 1 × 103 cells, and the procedure was repeated for 6 wells in each group. After 30µL of the reagent had been added and had been stirred for 5 min, the activity of a microplate reader (Thermo Scientific, USA) was measured.

GSCs sphere formation
Centrifugation was used to digest and extract the serum-containing medium from the GSCs. After that, PBS was used to wash them twice. GSCs were cultured on ultra-low adhesion cell culture plates for a duration of 10 days, with about 1 × 103 cells per well on 6-well plates. The growth of spheres was observed using an Olympus microscope. Subsequently, the rate at which spheres were formed was computed.

Extreme limiting dilution assay
The GSCs were placed in 96-well plates with varying cell quantities per well and then underwent limiting dilution experiments after appropriate modifications or treatments. Seven days after incubation, the tumor sphere formation in each well was assessed. The extreme limit dilution analysis (ELDA) technique was employed to ascertain the presence of stem cells [18].

RNA-protein immunoprecipitation (RIP)
The RNA Binding Protein Immunoprecipitation Kit for Magna RIP (Millipore, MA, USA) was employed to execute the RIP experiment. The lysates of U87 and pGBM-1 cells were incubated with beads coated with anti-AgO2, anti-HuR, and IgG antibodies overnight at 4 °C [32]. The RNA complex was then extracted from the beads using an elution method called RNeasy MinElute Cleanup Kit (Qiagen, USA). By reversing the aforesaid RNA complex and then performing qRT‒PCR, the level of RNA enrichment on the probes was identified.

Dual‑luciferase reporter assay
The luciferase reporter gene was created by introducing the circRYK or VLDLR 3′UTR sequence, which has both the predicted and modified binding sites, into the pGL3 vector. circRYK-wt, circRYK-mut, VLDLR 3′UTR-wt, and VLDLR 3′UTR-mut were some of these constructs. After that, cells were co-transfected with the luciferase reporter gene and either miR-330-5p or miR-NC using Lipofectamine 3000 (Invitrogen, USA). Luciferase activity was measured according to protocol using the dual-luciferase reporter gene assay kit (Vazyme, China) [33].

RNA pulldown
CircRNA pulldown was carried out using a magnetic RNA-protein pull-down kit from Thermo Fisher, Massachusetts, USA. The sequences ATCGAGTTCTGCTTACATAT-/3bio and AAGTCAGTGTTACTACGGAA-/3bio correspond to the 3’ biotin-labeled probes (RiboBio China) designed to target the junction position of circRYK. The RNA extracted from U87 cells that have an increased expression of circRYK (1.5 × 107) was subjected to individual treatment with 100 nmol of probes specific to circRNA and non-specific probes (NC probes) at a temperature of 70 °C for 5 min. The RNA mixture was then let to sit in the presence of the streptavidin magnetic beads for 30 min at room temperature. The aforementioned beads were subjected to incubation with a total of 100 proteins at a temperature of 4 °C while being rotated. Prior to this, any unbound RNA was eliminated using a solution containing 20 mM Tris. Following a duration of one and a half hours, we eliminated the proteins that were not connected using a 50 µL elution solution and gathered the RNA-binding proteins. Finally, silver stain and mass spectrometry were performed on the supernatant (OE Biotechnology, Shanghai, China). To ascertain how VLDLR 3’UTR interacts with HuR, the same approach was applied to VLDLR 3’UTR biotin-labeled probes (RiboBio, China) [34].

Animal studies
The Nanjing Medical University’s experimental guidelines and the Ministry of Health’s authorized experimental design were followed in all animal tests. IACUC-2,205,076 was the ethical review number, and it was authorized. An orthotopic carcinogenesis model was established in nude mice with the pGBM-1 cell line. Using lentiviruses with the shcircRYK and shCONT sequences, pGBM-1 cells were transplanted into two randomly chosen nude mice. A total of 500,000 pGBM-1 cells were injected into the brain using stereotactic techniques to measure the size of the tumors inside the brain, and they were often placed in the imaging system. Before each trial, mice were anesthetized and injected intraperitoneally with 50 mg/ml of fluorescein potassium salt. After that, they were put in an IVIS imaging system for 10–120 s. Using the Living Images program (Calliper Life Sciences), the fluorescence intensity in the brain area where the tumor first appeared was tracked.

Statistical analysis
For each experiment, each step was carried out three times. The statistical analysis was performed using SPSS 17.0 (SPSS, USA), and the data were transferred to GraphPad Prism 8 (La Jolla, USA) for visualization. A bioinformatics study was performed using R software (version 4.0). A two-tailed Student’s t-test was performed to determine if there were statistically significant differences between the groups. We used Pearson correlation to analyze the relationship between circRYK and miR-330-5p. The Kaplan-Meier method was applied to calculate the overall survival rate. Prior performing t-tests or ANOVA, tests for normality were conducted, and the data met the criteria for a normal distribution. P < 0.05 was considered to indicate statistical significance.


Results
CircRYK is upregulated by TGF-β1 in GBM
We conducted an RNA-seq study on GBM primary cells treated with 0 ng/ml or 10 ng/ml TGF-β1 for 24 h to investigate TGF-β1-regulated circRNAs. In the TGF-β1-treated group, 49 circRNAs were downregulated, and 51 differentially expressed circRNAs were upregulated (Fig. 1A). According to the RNA-seq findings, hsa_circ_0005768, hsa_circ_002176, and hsa_circ_0087960 had the most significant increases in expression among the 51 circular RNAs. qRT‒PCR was performed to further validate the expression levels of the three circRNAs in primary cells after TGF-β1 treatment, and we discovered that the expression level of hsa_circ_0005768 (circRNA RYK) was the most substantially elevated (Fig. 1B), and qRT‒PCR was used to determine the copy numbers of circRYK (Fig. 1C). The expression level of circRYK was further verified by qRT‒PCR in various grades of glioma, and we discovered that the expression level increased as the glioma grade increased (Fig. 1D). Circularization of exons 8 to 10 of the RYK gene produces circRYK, a novel circRNA that has not been previously studied in gliomas, according to a bioinformatics study. After splicing, the length of mature circRYK is 323 bp (Fig. 1E). To assess the expression of circRYK in glioma tissue, we first developed a special PCR primer for circRYK. Agar gel electrophoresis and Sanger sequencing were used to confirm the sequence and circular structure (Fig. 1F-G). We subsequently performed a variety of experiments to confirm that circRYK has the characteristics of a circular RNA. Initially, we performed reverse transcription on total RNA extracted from U87 cells using either oligo(dT)18 primers or random hexamers. Compared to the results produced with the random hexamer primer, the expression level of circRYK employing the oligo(dT)18 primer was significantly lower. However, mature RYK mRNA (mRYK) expression remained unaltered, and the findings showed that circRYK has no poly(-A)-tail (Fig. 1H). By comparing the degradation rates of circRYK and mRYK in the pGBM-1 cell line after treatment with the transcription inhibitor actinomycin D, we also discovered that circRYK was more stable than mRYK was (Fig. 1I). RNase R was utilized to break down total RNA since earlier studies have shown that circRNAs are more stable than linear RNAs and resistant to RNase R digestion. The results indicated that circRYK exhibited greater resistance to destruction by RNase R than linear RYK mRNA (Fig. 1J). Our investigation revealed that the cytoplasm had the largest portion of circRYK in GBM cells, as determined using cellular RNA fractionation (Fig. 1K), and these findings were also confirmed using FISH (Fig. 1L). These findings indicated that circRYK is a stable circulating transcript.
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Fig. 1CircRYK is upregulated by TGF-β1 in GBM. (A) Heatmap of all differentially expressed circRNAs after treatment of primary cells with 0 ng/ml or 10 ng/ml TGF-β1 for 24 h. (B) The expression levels of the three most highly expressed circRNAs were confirmed via qRT‒PCR. (C) qRT‒PCR was utilized to confirm the copy numbers of circRYK. (D) The expression of circRYK was analysed in ten normal brain tissues (NBTs), twenty low-grade gliomas (LGGs), and twenty high-grade gliomas (HGGs) by qRT‒PCR. (E) The splicing sequence and genomic position of circRYK are shown schematically. (F) Agarose gel electrophoresis was used to confirm the existence of the circRYK primer (175 bp). The “head to tail” splicing locations of circRYK are shown by the arrow. (G) A schematic representation of the structure of circRYK was generated via Sanger sequencing. (H) The reverse transcription studies employed random hexamers or oligo (dT)18 primers. qRT‒PCR was utilized to measure the relative RNA levels, and random hexamer primers were used as a standard. (I) After actinomycin D treatment, qRT‒PCR was used to calculate the relative quantities of RNA in U87 cells at specific time points. (J) The total RNA levels in U87 cells were evaluated via qRT‒PCR after treatment with RNase R or a control treatment. (K) The cellular localization of circRYK was examined utilizing cellular RNA fractionation methods. (L) FISH was utilized to analyze the cellular localization of circRYK. CircRYK is shown in green. Nuclei were stained with DAPI. Scale bar, 100 μm. Each experiment was performed three times, and the results are displayed as the mean ± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001)



circRYK induces GBM cell epithelial-mesenchymal transition and GSC maintenance in vitro
We used quantitative reverse transcription polymerase chain reaction (qRT‒PCR) to investigate the expression of circRYK in several cell lines, including the pGBM-1 human glioblastoma primary cell line, U87, U118, U251, T98, LN229 and normal human astrocytes (NHAs). Compared to that in other cell lines, circRYK expression was higher in GBM cells (Fig. 2A). To conduct the subsequent studies, we used pGBM-1 and U87 cells. First, we transfected three distinct lentiviral vectors encoding shRNAs that specifically targeted circRYK, designated shRNA-1, shRNA-2, and shRNA-3, to conduct loss-of-function investigations (Fig. 2B). We selected shRNA-1 (shcircRYK) for further investigation based on qRT‒PCR data demonstrating the efficacy of circRYK knockdown (Fig. 2C-D). The inhibition of circRYK expression resulted in a reduction in the migration and invasion of GBM cells, as shown by the Transwell and wound healing experiment (Fig. 2E, G and sFig. 1 A-D).We demonstrated that inhibiting circRYK significantly decreased the invasive ability of GBM cells, as shown by a three-dimensional spheroid experiment (Fig. 2F). The levels of EMT markers (N-cadherin, Vimentin, Snail, and MMP-9) were considerably lower when circRYK was silenced (Fig. 2H). These results were further verified by immunofluorescence analysis (Fig. 2L and sFig. 1 K).
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Fig. 2CircRYK induces GBM cell epithelial-mesenchymal transition and GSC maintenance in vitro. (A) qRT‒PCR was utilized to examine the levels of circRYK expression in GBM cells and NHAs. (B) At splice junctions, designated shRNAs for circRYK are illustrated schematically. (C-D) qRT‒PCR was used to evaluate the expression of circRYK in GBM cells transfected with circRYK-targeting shRNA. (E) Transwell assays for cell EMT research following glioma cell transfection with expression vectors or shRNA. (F) The invasion of U87-GFP and pGBM-1-GFP tumor spheres was observed using three-dimensional spheroid experiments. The quantitative findings are shown together with representative photographs taken three days after plating. (G) The migration of GBM cells was examined via a wound healing assay. (H) After transfection, the expression of N-cadherin, Vimentin, Snail, and MMP-9 in GBM cells was analysed via Western blotting. (I) The stemness of GSCs following transfection was evaluated via a clonogenic trial. (J) The CellTiter-Glo assay was used to assess the effects on GBM-GSC cells. (K) Western blots were performed to assess the expression of Sox2, Oct4, and Nanog in GBM-GSC cells after transfection. (L) Immunofluorescence staining was applied to determine the expression of N-cadherin and Vimentin in treated U87 cells. Scale bar, 100 μm. Each experiment was performed three times, and the results are displayed as the mean ± SD. CONT, control (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)


Subsequently, we further verified whether circRYK had any effect on the maintenance of GSCs (U87-GSCs and pGBM-1-GSCs). Our study revealed that the viability and proliferation capacity of GSCs were diminished upon the knockout of circRYK (Fig. 2I-J and sFig. 1E-J). Subsequently, the levels of the pluripotency factors Sox2, Oct4, and Nanog were assessed via Western blotting (Fig. 2K).

Knockdown of circRYK inhibits GBM growth in vivo
To gain more insight into the impact of circRYK on glioma cells in living organisms, we established a model of intracranial xenograft tumours. pGBM-1 cells transfected with either shCONT or shcircRYK were stereotaxically injected into the brain. We implanted pGBM-1 cells intracranially in nude mice and conducted weekly bioluminescence imaging to monitor tumor growth. Suppressing circRYK significantly decelerated the progression of brain tumors (Fig. 3A-C). Immunohistochemistry examination validated the in vitro findings by showing reduced N-cadherin, Vimentin, and Sox2 levels in samples from shcircRYK pGBM-1 cells.(Fig. 3D). The Kaplan‒Meier survival analysis showed that mice injected with shcircRYK had a longer survival time than those injected with shCONT (Fig. 3E).
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Fig. 3Knockdown of circRYK inhibits GBM growth in vivo. (A-C) Bioluminescence pictures of brain tumors were taken weekly in nude mice after the precise implantation of glioma cells. Each group consisted of 10 animals. (D) Immunohistochemistry was used to evaluate the shCONT and shcircRYK xenograft tumours. (E) Kaplan‒Meier analysis of survival data showed that shcircRYK mice survived shCONT. Scale bar, 100 μm. Each experiment was performed three times, and the results are displayed as the mean ± SD (*P < 0.05, ***P < 0.001, ****P < 0.0001)



Knockdown of circRYK reverses TGF-β1-induced epithelial-mesenchymal transition and GSC maintenance
To determine whether TGF-1 regulates circRYK, we incubated GBM cells with 10 ng/ml TGF-β1 and shcircRYK plasmid. First, we discovered that TGF-β1 may promote the migration and invasion of GBM cells, which were reversed by TGF-β1 combined with shcircRYK utilizing Transwell, three-dimensional spheroid, and wound healing experiments (Fig. 4A-C and sFig. 2B-G). The interaction between TGF-β1 and circRYK in EMT was further confirmed via the expression of markers in GBM cells by Western blotting (Fig. 4D). Furthermore, we injected pGBM-1 cells treated with TGF-β1 alone or in combination with shcircRYK into the brains of nude mice and found that shcircRYK reversed the tumour growth effect of TGF-β1 (Fig. 4E). Then, with the treated GBM-GSCs, we conducted clonogenic, CellTiter-Glo, direct cell count, and extreme limiting dilution tests. Similarly, the impact of TGF-β1 on GSC maintenance was reversed by circRYK knockdown (Fig. 4F-I and sFig. 2 H-K), and Western blotting also confirmed this conclusion (Fig. 4J).
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Fig. 4Knockdown of circRYK reverses TGF-β1-induced epithelial-mesenchymal transition and GSC maintenance. (A) Transwell assays showed that the promoting effect of TGF-β1 treatment was reversed by knockdown of circRYK in GBM cells. (B) A three-dimensional spheroid test demonstrated that reducing the expression of circRYK in U87-GFP and pGBM-1-GFP cells counteracted the enhancing effect of TGF-β1 treatment. (C) A wound healing assay was conducted to verify the effect of simultaneous circRYK knockdown and treatment with TGF-β1 on GBM cell migration. (D) Western blotting was employed to evaluate the expression of related markers after simultaneous knockdown of circRYK and TGF-β1 treatment in GBM cells. (E) Bioluminescence imaging was used to track the effect of shcircRYK transfection and TGF-β1 treatment on intracranial tumour size. (F-I) Clonogenicity and CellTiter-Glo assays demonstrated that knockdown of circRYK reversed the effects of GSC maintenance after TGF-β1 treatment. (J) Western blotting was employed to demonstrate that knockdown of circRYK inhibited the increase in the expression of related proteins after TGF-β1 treatment. Scale bar, 100 μm. Each experiment was performed thrice, and the results are displayed as the mean ± SD. NC, negative control (**P < 0.01, ***P < 0.001)



CircRYK acts as a miRNA sponge of miR-330-5p to upregulate VLDLR expression
According to previous studies, circRNAs mainly serve as sponges for miRNAs to control gene expression [35, 36]. We tested the hypothesis that circRYK acts as a miRNA sponge in glioma cells using RNA immunoprecipitation (RIP) tests with an anti-AGO2 antibody. According to the qRT‒PCR data, the anti-AGO2 precipitate significantly increased the degree of circRYK enrichment. On the other hand, the enrichment of the IgG precipitate circRYK was significantly reduced (Fig. 5A-B), revealing that circRYK could bind to AGO2 and miRNAs. The Circular RNA Interactome Database was used to predict prospective miRNA targets of circRYK. The circRIP test data indicated that circRYK and miR-330-5p are possible targets in GBM cells. Specifically, the circRYK-specific probe demonstrated a higher enrichment of circRYK and miR-330-5p compared to other miRNAs (Fig. 5C). Subsequently, we further confirmed the copy numbers of miR-330-5p by qRT‒PCR (Fig. 5D). To provide additional evidence for this finding, we generated dual luciferase reporter vectors containing both wild-type (wt) and mutant (mut) versions of the circRYK sequence. These vectors were designed to include the expected binding sites of miR-330-5p and circRYK (Fig. 5E). The results showed that the introduction of the miR-330-5p mimic into the cells resulted in a substantial reduction in luciferase activity compared to that in the cells that were transfected with the mutant circRYK vector (Fig. 5F). We also performed luciferase reporter gene experiments for other possible miRNAs and found that the results were not significantly different. This further strengthens the confidence that miR-330-5p is downstream of circRYK (sFig. 5A-D). Furthermore, according to Pearson correlation analysis, circRYK and miR-330-5p expression in glioma samples showed a negative correlation (Fig. 5G). Based on the immunofluorescence analysis, circRYK and miR-330-5p colocalized in the cytoplasm (Fig. 5H). CircRYK downregulation significantly increased miR-330-5p expression in U87 and pGBM-1 cells (Fig. 5I). According to the aforementioned investigations, circRYK may serve as a sponge for miR-330-5p in GBM cells. We next used the bioinformatics databases miRanda, TargetScan, PITA, RNA22, miRmap, and microT to confirm that VLDLR is a potential target of miR-330-5p (Fig. 5J). Previous studies have shown that miRNAs bind to the 3′-UTRs of their target mRNAs to inhibit mRNA transcription or induce mRNA degradation [37, 38]. Therefore, we postulated that miR-330-5p binds to the 3’-UTRs of VLDLR to regulate the progression of gliomas (Fig. 5K). A luciferase reporter experiment was used to ascertain whether miR-330-5p can directly bind to the 3′UTR of VLDLR. For this purpose, the miR-330-5p mimic was cotransfected with either the wild-type or mutant VLDLR 3′UTR. We found that after cotransfection of GBM cells with the miR-330-5p mimic, the trend of decreased activity of the miR-330-5p mimic with the mutated binding site was completely attenuated (Fig. 5L-M).
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Fig. 5CircRYK acts as a miRNA sponge of miR-330-5p to upregulate VLDLR expression. (A-B) RIP and qRT‒PCR methods were used to assess the binding of circRYK to the AGO2 protein. (C) U87 cells that overexpress circRYK were mixed with a circRYK-specific probe and a negative control (NC) probe to perform the circRIP experiment. The possible miRNAs linked with circRYK were investigated using qRT‒PCR assays.(D) qRT‒PCR was used to confirm the copy numbers of miR-330-5p. (E) Potential binding site sequences between the wild-type (wt) and mutant-type (mut) variants of circRYK and miR-330-5p. (F) Experiments using dual-luciferase reporter assays were conducted to determine the association between circRYK and miR-330-5p. (G) With Pearson’s correlation, the relationship between the expression levels of circRYK and miR-330-5p was examined (r=-0.4013, p = 0.0039). (H) The colocalization of circRYK and miR-330-5p in transfected GBM cells was investigated using FISH. (I) qRT‒PCR was utilized to confirm the expression of miR-330-5p in treated GBM cells. (J) The biological targets of miR-330-5p may include two mRNAs, as shown by a Venn diagram. (K) Conceptual representation of the binding sites between the wild-type (wt) or mutant (mut) VLDLR 3’UTR and miR-330-5p. (L-M) A luciferase reporter assay in GBM cells was utilized to confirm the functional connection between miR-330-5p and VLDLR. Scale bar, 100 μm. Each experiment was performed thrice, and the results are displayed as the mean ± SD (***P < 0.001)



CircRYK enhances GBM cell EMT and GSC maintenance through the miR-330-5p/VLDLR pathway
We next investigated the influence of the interaction between circRYK and miR-330-5p on the expression of VLDLR, the aggressiveness of GBM cells, and the maintenance of GSCs. To further confirm the reliability of the ceRNA route, we conducted rescue tests. Suppression of circRYK resulted in a considerable reduction in both VLDLR mRNA and protein levels. Moreover, the reversal of the effect induced by circRYK silencing occurred when we inhibited the expression of miR-330-5p in cells with circRYK knockdown (Fig. 6A-C). In terms of functional studies, Transwell, three-dimensional spheroid assays, and wound healing tests confirmed that circRYK downregulation prevented GBM cells from undergoing EMT and that treatment with a miR-330-5p antagomir reversed the effects of circRYK knockdown (Fig. 6D-I and sFig. 3 A-D). Furthermore, we designed an intracranial tumour model to further confirm that the effect of circRYK knockdown on intracranial tumours was reversed when the miR-330-5p antagomir was transfected (Fig. 6J). Additionally, suppression of miR-330-5p prevented the inhibitory effect of circRYK on GSC maintenance (Fig. 6K-L and sFig. 3E-K). These results demonstrated that circRYK acts as a miR-330-5p sponge, regulating VLDLR expression and promoting the development of gliomas.
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Fig. 6CircRYK enhances GBM cell EMT and GSC maintenance through the miR-330-5p/VLDLR pathway. (A-B) qRT‒PCR tests were applied to assess the expression levels of VLDLR in GBM cells after the suppression of miR-330-5p alone or in combination with circRYK. (C) In the designated cells, VLDLR was examined using Western blotting, with β-actin serving as a control. (D-E) For analysis of the migration and invasion of cells using the Transwell method, GBM cells were genetically modified with shcircRYK, antagomir-330-5p, or a combination of antagomir-330-5p and shcircRYK. (F-G) For analysis of the invasion of the cells by three-dimensional spheroid assays, shcircRYK, antagomir-330-5p, or antagomir-330-5p and shcircRYK were transfected into U87-GFP and pGBM-1-GFP cells. (H) The wound healing test was utilized to examine the migration of GBM cells that were transfected with shcircRYK, antagomir-330-5p, or both antagomir-330-5p and shcircRYK. (I) Western blotting was utilized to investigate the expression of N-cadherin, Vimentin, and Snail in GBM cells after transfection. (J) The effect of shcircRYK and antagomir-330-5p transfection, either alone or in combination, on the formation of brain tumours was assessed using bioluminescence imaging. (K) The stemness of GSCs after transfection was measured by assessing the proportion of wells exhibiting positive results in a clonogenicity assay. (L) The expression of Oct4, Sox2, and Nanog in U87-GSC and pGBM-1-GSC cells was analysed via Western blotting after transfection; β-actin served as the loading control. Scale bar, 100 μm. Each experiment was performed thrice, and the results are displayed as the mean ± SD (**P < 0.01, ****P < 0.0001)



CircRYK interacts with HuR and promotes its cytoplasmic transport
The surprising finding that circRYK plasmids retained partial cancer-promoting activity when the miR-330-5p binding site was mutated led us to consider the RNA binding proteins (RBP) function of circRYK as the potential effector mechanism. Circular RNAs function as RNA-binding proteins to regulate the expression of genes downstream [39–41]. By bioinformatics analysis, we identified a potential RBP downstream of circRYK (Fig. 7A). To test our hypothesis, we performed RNA pull-down analysis in U87 cells followed by SDS‒PAGE (Fig. 7B). Subsequently, RNA pull-down and RIP assays were used to confirm the interaction between circRYK and HuR. The results indicated that the circRYK probes successfully captured the HuR protein in U87 and pGBM-1 cell lysates (Fig. 7C), and the anti-HuR antibody also precipitated circRYK (Fig. 7D). The three locations where circRYK binds to HuR are 76–127 nt, 176–227 nt, and 248–299 nt, according to the CatRAPID database (Fig. 7E). Next, circRYK plasmids were created with these three truncated sections and then transfected into U87 and pGBM-1 cells. The RNA pull-down assays demonstrated a substantial reduction in the amount of HuR protein captured by circRNA probes when the 248–299 nt region of circRYK was truncated. These findings suggested that circRYK primarily interacts with HuR in this specific area (Fig. 7F). To clarify the specific structural domain of HuR that is involved in its interaction with circRYK, we generated HuR mutants by truncating certain structural domains. RIP tests provided evidence that RNA recognition motif 2 (RRM2) of HuR selectively binds to circRYK (Fig. 7G). Subsequent RNA pull-down experiments conducted in U87 cells revealed that the HuR protein was unable to be captured by circRYK probes when its RRM2 region was truncated (Fig. 7H). HuR, a nucleoplasmic shuttle protein, has several biological roles based on its subcellular location. Our investigation revealed that the overexpression of circRYK facilitated the transport of the HuR protein from the nucleus to the cytoplasm. Conversely, a reduction in circRYK resulted in a decrease in the cytoplasmic concentration of HuR (Fig. 7J). Immunofluorescence consistently showed a direct relationship between the expression of circRYK and the quantity of HuR in the cytoplasm (Fig. 7I).
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Fig. 7CircRYK interacts with HuR and promotes its cytoplasmic transport. (A) The Venn diagram illustrates the potential RNA-binding proteins (RBPs) that circRYK may interact with. (B) Silver staining of the circRYK pulldown. (C) HuR was confirmed to be enriched in the circRYK probe by Western blot. (D) The RIP test findings indicate that the HuR protein formed a precipitate with circRYK in GBM cell lysates. (E) The predicted interaction sites between circRYK and HuR. (F) The diagram illustrates the truncated portion of the circRYK overexpression plasmid. RNA pull-down was carried out using circRYK-specific probes after GBM cells were transfected with wild-type or truncated circRYK overexpression plasmids. (G) The levels of circRYK were determined using qRT‒PCR after treatment of U87 cell lysates with either full-length or truncated versions of Flag-labelled recombinant HuR protein. (H) RNA pull-down studies employed circRYK-specific probes with full-length or truncated versions of the Flag-tagged recombinant HuR proteins. (I) Immunofluorescence was employed to verify the expression of HuR in U87 cells after the knockdown or overexpression of circRYK. (J) Western blotting was employed to determine HuR expression levels in whole lysates or subcellular fractions. The shCONT, shcircRYK, vector, and circRYK overexpression plasmids were transfected into GBM cells. Scale bar, 100 μm. Each experiment was performed three times, and the results are displayed as the mean ± SD (****P < 0.0001)



CircRYK stabilizes VLDLR mRNA by interacting with HuR
The main role of cytoplasmic HuR is to augment the stability of certain target mRNAs by binding to U- or AU-rich RNA sequences (AREs) found in the 3’-UTR of the mRNAs [42, 43]. The VLDLR mRNA has a lengthy 3’UTR that is rich in U and AU nucleotides and contains many putative HuR-binding motifs (Fig. 8A-B). Compared to the results in the IgG group, the RIP tests showed a substantial increase in VLDLR mRNA in the anti-HuR group (Fig. 8C). In addition, experiments using actinomycin D in GBM cells demonstrated that suppressing HuR resulted in decreased amounts of VLDLR mRNA and a shorter lifespan of its transcript relative to those in the control group. Conversely, overexpression of HuR led to the opposite effects (Fig. 8D-F and sFig. 4A-B). We utilized RIP assays in GBM cells to explore the potential impacts of circRYK on the interaction between HuR and VLDLR. Our findings indicate that reducing the expression of circRYK results in a reduction in the binding of VLDLR mRNA to HuR. Conversely, overexpressing circRYK led to an increase in the amount of VLDLR mRNA bound by HuR (Fig. 8G and sFig. 4 C). RNA pulldown assays consistently revealed that altering the amount of circRYK led to a corresponding change in the amount of HuR protein bound to the 3’ UTR of VLDLR mRNA (Fig. 8H). Rescue experiments revealed that the reduction in the stability of VLDLR mRNA, which was driven by the inhibition of circRYK in GBM cells, was reversed by the overexpression of HuR. On the other hand, the increase in VLDLR mRNA stability caused by circRYK overexpression was not observed when HuR was suppressed (Fig. 8I-J and sFig. 4D-E). To determine whether circRYK affects the biological function of GBM cells by regulating both HuR and miR-330-5p, we transfected U87 and pGBM-1 cells with circRYK plasmids containing mutant miR-330-5p binding sites (circ-mut-miR), truncated HuR binding areas (circ-mut-Δ248–299), or both mutations (circ-mut-(miR + Δ248–299)). These findings indicated that, compared with the empty vector, circ-mut-miR and circ-mut-Δ248–299 had moderate effects on enhancing VLDLR expression. However, circ-mut-miR + Δ248–299 had little impact on increasing VLDLR expression (Fig. 8K-L). In addition, Transwell and clonogenic experiments demonstrated that circ-mut-miR and circ-mut-Δ248–299 only marginally enhanced EMT and GSC maintenance in GBM cells. Conversely, when circ-mut-miR + Δ248–299 was compared to the empty vector, glioma-promoting activity was almost absent (Fig. 8M-N and sFig. 4 F-M). Collectively, our results indicate that circRYK controls the expression of VLDLR via two synchronized mechanisms: acting as a miR-330-5p sponge and acting as a HuR decoy for RNA-binding proteins.
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Fig. 8CircRYK stabilizes VLDLR mRNA by interacting with HuR. (A) The motif of HuR. (B) RBPmap was used to predict the locations of HuR binding sites within the 3’UTR of the VLDLR gene. The vertical blue lines at the bottom display the HuR binding sites in the 3’UTR of VLDLR mRNA. (C) The HuR protein interacts with VLDLR mRNA, as shown by the RIP assay. (D-E) qRT‒PCR was utilized to measure the rate of VLDLR mRNA degradation in HuR-overexpressing or knockdown U87 cells at various time points. (F) Western blotting was utilized to determine the expression of the VLDLR protein in GBM cells transfected with si-NC, si-HuR, vector, or HuR overexpression plasmids. (G) RIP experiments revealed that HuR and VLDLR mRNA coprecipitated in U87 cells when circRYK was knocked down or overexpressed. (H) In GBM cells, RNA pulldown tests using the biotin-labelled VLDLR 3’UTR were carried out. The circRYK overexpression or shcircRYK plasmids were transfected into GBM cells. (I-J) Measurement of the rate at which VLDLR mRNA is degraded in U87 cells after transfection with different plasmids or short interfering RNAs. (K-L) The level of VLDLR in GBM cells was assessed after transfection with circRYK overexpression plasmids containing both wild-type and mutant variants. circ-mut-miR denoted a mutation in the miR-330-5p binding region, whereas circ-mut-Δ248-299 denoted a truncated version of the circRYK sequence from position 248 to 299. The term “circ-mut-(miR + Δ248–299)” was used to refer to both the mutant miRNA binding site and the truncated section of the sequence. (M-N) Transwell and clonogenicity assays were employed to verify GBM progression in U87 and U87-GSC cells under different treatment conditions. Scale bar, 100 μm. Each experiment was performed three times, and the results are displayed as the mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)




Discussion
CircRNAs have been confirmed to be important regulators of cancer [44, 45]. This study characterized circRYK as a critical regulator of EMT, GSC maintenance and tumorigenicity in GBM. Our studies indicate that the activation of TGF-β leads to the promotion of glioma growth via the upregulation of VLDLR mRNA expression and stability. This process is mediated by circRYK, which acts as a competing endogenous RNA (ceRNA) and relies on RNA-binding proteins (RBPs). Furthermore, our findings indicate a significant correlation between the expression of circRYK and the progression of glioma. Moreover, glioma patients with elevated levels of circRYK have a poorer prognosis compared to those with lower levels.
This work revealed that circRYK, which is activated by TGF-β, plays a crucial role in regulating both EMT and the maintenance of GSCs. The TGF-β pathway plays a crucial role in the tumour formation of GICs [46–48]. In addition, several anti-TGF-β medications are now undergoing clinical trials. However, inhibiting TGF-β often results in a rapid adaptive reaction that causes resistance to the suppression of TGF-β [49]. Therefore, it is necessary to conduct a deeper exploration of the particular downstream effectors of the TGF-β pathway [50].
Thus far, the majority of circRNA research has shown that circRNAs carry out their biological tasks via three primary mechanisms: acting as ceRNAs, binding to RBPs, and regulating translation [51]. Our research findings confirmed that circRYK and VLDLR have a common microRNA response element (MRE) in miR-330-5p, establishing a circRYK/miR-330-5p/VLDLR axis. Remarkably, our findings indicate that even circRYK overexpression plasmids harbouring mutations in the miR-330-5p binding region exhibited a partial increase in VLDLR expression and facilitate the progression of GBM, although to a lesser extent than wild-type circRYK plasmids. Based on these data, we hypothesized that circRYK may control the expression of VLDLR via other mechanisms. RBPs play a crucial role in regulating transcription and translation processes. Furthermore, they have been shown to participate in the control of subsequent genes via their interaction with circRNAs. In recent years, circRNAs with dual-faceted regulatory mechanisms, including both ceRNAs and RBPs have been discovered [52]. For instance, circPPFIA1s suppresses the spread of colorectal cancer to the liver by affecting the miR-155-5p/CDX1 and HuR/RAB36 pathways [53]. Our investigation revealed a physical interaction between circRYK and the HuR protein. HuR, a conserved regulator of mRNA stability, has several sites for posttranslational modifications [54]. These changes facilitate its transportation from the nucleus to the cytoplasm [55]. The HuR protein is abundantly produced in the majority of cancerous cells [56]. Notably, the accumulation of HuR in the cytoplasm of esophageal cancer, non-small cell lung cancer, and meningioma cells is indicative of a poor prognosis [42]. Thus, it is hypothesized that the capacity of HuR to increase mRNA stability depends on its ability to migrate into the cytoplasm. Chen et al. discovered that the circAGO2 molecule, which is present at high levels, interacts with HuR and facilitates the translocation of HuR from the nucleus to the cytoplasm [57].However, the role of HuR in the development and progression of GBM is still unclear. This study demonstrated that circRYK promotes the cytoplasmic accumulation of HuR, which in turn increases the stability of VLDLR mRNA.
The very-low-density lipoprotein receptor (VLDLR) is a member of the low-density lipoprotein receptor (LDLR) superfamily [58]. Abnormal VLDLR expression has been linked to the development of many types of cancer [59]. However, studies on the role of the VLDLR in glioma are rare, and the underlying carcinogenic mechanism is still unclear. These findings revealed that circRYK enhances the expression of VLDLR by acting as a sponge for miR-330-5p and recruiting HuR. The presence of this dual regulatory mechanism may significantly contribute to the atypical expression of VLDLR. CircPTN has been reported to promote glioma proliferation and stemness by sponging miR-330-5p [60]. However, our experiments revealed that the expression of circPTN did not change significantly in response to TGF-β induction (sFig. 5E-F). Although circPTN can contribute to the malignant progression of GBM, we focused more on the altered circRNAs under TGF-β induction affecting the malignant progression of GBM. Therefore, we did not include circPTN within the range of TGF-β-induced circRNAs. Nevertheless, the regulatory network among genes is complex, and includes several layers, directions, and interactions. Additional research is required to establish whether circRYK influences the expression of VLDLR via other mechanisms.
We also evaluated whether circRYK overexpression per se was sufficient to induce VLDLR expression and ultimately alter the normal human astrocyte state, thus mimicking the glioblastoma phenotype (sFig. 7 A-F). This result further strengthens the function of circRYK as a biomarker and promising therapeutic target and highlights its potentially significant role in the etiology of glioblastoma.
In conclusion, our study revealed that circRYK promotes the growth of GBM by enhancing the production and stability of VLDLR mRNA via a mechanism involving ceRNA and RBP. Additionally, the expression of circRYK is strongly associated with a poor prognosis in GBM patients. The results suggest that circRYK might serve as a predictive biomarker and a potential target for treatment strategies in GBM.
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