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PBX2-Mediated circTLK1 Activates JAK/STAT Signaling to Promote Gliomagenesis via miR-452-5p/SSR1 Axis
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Glioma is considered one of the most lethal brain tumors, as the aggressive blood vessel formation leads to high morbidity and mortality rates. However, the mechanisms underlying the initiation and progression of glioma remain unclear. Here, we aimed to reveal the role of circTLK1 in glioma development. Our results revealed that circTLK1 is highly expressed in glioma tumor tissues and glioma cell lines. We then conducted a series of experiments that showed that circTLK1 was involved in the progression of gliomas. Mechanistically, investigation of the factors downstream of circTLK1 revealed that circTLK1 activated JAK/STAT signaling in glioma cells. Furthermore, AGO2-RIP, RNA-pull down, and luciferase reporter gene assays led to the identification of the novel circTLK1/miR-452-5p/SSR1 axis. Moreover, we investigated the upstream regulator of circTLK1 and found that circTLK1 expression in glioma cells could be regulated by the transcriptional factor PBX2. Taken together, our findings show that circTLK1 mediated by PBX2 activates JAK/STAT signaling to promote glioma progression through the miR-452-5p/SSR1 pathway. These results provide new insights into glioma diagnosis and therapy.

Keywords: circular RNA, circTLK1, miR-452-5p, SSR1, JAK/STAT signaling, glioma, PBX2


INTRODUCTION

Glioma is one of the most common subtypes of malignant brain cancers and accounts for approximately 27% of central nervous system tumors (Louis et al., 2016). It is characterized by aggressive blood vessel formation, which leads to high morbidity and mortality (Van Meir et al., 2010; Khasraw et al., 2014). Despite clinical treatment of glioma, such as via surgery, combined chemotherapy, and radiotherapy, which have considerably improved in recent years, outcomes for patients remain unfavorable (Mangiola et al., 2010; Chen and Xu, 2016). Therefore, uncovering the mechanism underlying development of glioma is highly needed.

Circular RNAs (circRNAs) are 200–2,000 bp endogenous RNAs, which are transcribed by RNA polymerase II (Zhang et al., 2018) and forms a covalently closed cyclic structure (Li et al., 2018a). CircRNAs have been found to participate in the progression of multiple pathophysiological processes, including cancers (Kristensen et al., 2018; Patop and Kadener, 2018; Di Agostino et al., 2020). They play critical roles in many biological processes of tumorigenesis, such as cell viability (Chen et al., 2017), invasion (Song et al., 2019), migration (Ren et al., 2019), and angiogenesis (Jia et al., 2016). Recently, the role of circRNAs in gliomagenesis progression has also been studied. Yang et al. (2018) found that circRNA FBXW7 suppresses glioma tumorigenesis, Xiong et al. (2019) revealed that circRNA circMAN2B2 mediates glioma progression by regulating S100A8 expression through sponging of miR-1205. Barbagallo et al. (2018) demonstrated that circSMARCA5 affects the migration of glioblastoma multiforme cells by facilitating SRSF1/SRSF3/PTB axis activity. These studies suggest an essential role of circRNA in glioma progression.

CircRNA circTLK1, derived from TLK1 messenger RNA (mRNA), was first identified in a renal cell carcinoma study as an oncogene. CircTLK1 upregulates CBX4 expression to promote renal cell carcinoma development by acting as a molecular sponge for miR-136-5p (Li et al., 2020). Subsequently, Wu F. et al. (2019) revealed the promotive effects of circTLK1 in ischemic stroke. The function of circTLK1 in myocardial ischemia/reperfusion injury was demonstrated by Song Y.F. et al. (2020). However, whether circTLK1 participates in glioma progression remains unclear.

Here, we aimed to uncover the role of circTLK1 in the initiation and progression of glioma. We found that circTLK1 expression is upregulated in glioma tissues and cell lines. Furthermore, downregulation of circTLK1 inhibited glioma cellular progress and suppressed cell growth in vivo. Investigation of the mechanisms upstream and downstream of circTLK1 revealed that circTLK1 mediated by PBX2 aggravates glioma progression by activating JAK/STAT signaling via the miR-452-5p/SSR1 axis.



MATERIALS AND METHODS


Clinical Samples

Thirty pairs of glioma tissues and normal marched tissues were harvested from patients who were diagnosed with glioma in Huai’an Hospital Affiliated to Xuzhou Medical University, Second People’s Hospital of Huai’an City from January 2017 to June 2018 and were stored at −80°C. These patients did not receive radiotherapy or chemotherapy. Informed consent was obtained from all patients. Sample status was confirmed by two pathologists. This study was approved by the Ethics Committee of the Huai’an Hospital Affiliated to Xuzhou Medical University, Second People’s Hospital of Huai’an City (No. HEYLL 201928).



Cell Culture and Treatment

Glioma cell lines (T98G, LN229, CRT, U251, M059J, and M059K), normal human astrocytes (NHAs), and 293T cells were purchased from the Cell Bank of Shanghai Institutes of Biological Sciences, Chinese Academy of Sciences (Shanghai, China). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, United States) with 10% FBS (Gibco, Waltham, MA, United States) in a 37°C, 5% CO2 environment. All plasmids, Sh-NC, Sh-circTLK1#1, Sh-circTLK1#2, OE-NC, and OE-circTLK1#1, were purchased from RiboBio (Guangzhou, China). All transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions.



Animal Experiment

Eight-week-old nude mice were separated into three groups (n = 6), subcutaneously inoculated with U251 cells (106 per mouse), which were preinfected with Sh-NC, Sh-circTLK1#1, and Sh-circTLK1#2. After 21 days, tumor samples from mice were harvested. Tumor volumes or end weights were recorded. The animal experiments were approved by the Ethics Committee of the Huai’an Hospital Affiliated to Xuzhou Medical University, Second People’s Hospital of Huai’an City.



Quantitative Real-Time Polymerase Chain Reaction

All RNAs from cells or human tissues were isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). The PARISTM Kit (Invitrogen, Carlsbad, CA, United States) was use to perform nuclear and cytoplasmic RNA fractionation. The Reverse Transcription Kit (Invitrogen, Carlsbad, CA, United States) was used to reverse transcribe circRNA, mRNA, and RNA into complementary DNA (cDNA). An internal reference was applied using glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Quantitative real-time PCR (qRT-PCR) assays were conducted using the SYBR-Green Real-Time Kit (Takara, Tokyo, Japan) on a Bio-Rad CFX96 system. The fold expression changes were analyzed using the 2–ΔΔCt method. All primers used in the current study were as follows: circTLK1, F, 5′-ACAGTTTTGGAAGCTTGGGATCT-3′ and R, 5′-TGCTCCCACTTGCAACTCCA3′; miR-452-5p, F, 5′-TCGGCAATCATGATGGGCTCCTC-3′ and R, 5′-CTCA ACTGGTGTCGTGGAGTC-3′; SSR1, F, 5′-AAGAACTACAAA ACCGCCCC-3′ and R, 5′-ATCCCAGGCTGAGACCCAT-3′; PBX2, F, 5′-CCCATGTCATGAACCTGCTG-3′ and R, 5′-GC GCTGAACTTTCGATGGAT-3′; GAPDH, F, 5′-AAGGT CGGAGTCAACGGATTT-3′ and R, 5′-ACCAGAGTTAAAAG CAGCCCTG-3′.



Fluorescence in situ Hybridization Assay

The Cy3-labeled circTLK1 probe was synthesized and commercially obtained from RiboBio (Guangzhou, China) to localize circTLK1 expression in NHAs. A fluorescence in situ hybridization kit (Geneseed, Guangzhou, China) was used to perform fluorescence in situ hybridization (FISH) assay following the manufacturer’s instructions. The cells were imaged using a fluorescence microscope (Leica, Wetzlar, Germany).



Western Blot

All proteins were isolated using radioimmunoprecipitation assay lysis buffer (Beyotime, Shanghai, China). Bicinchoninic acid (BCA) (Beyotime, Shanghai, China) was used to quantify the proteins. The proteins were separated using 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, United States). The membranes were blocked with 5% skim milk at 37°C for 90 min. Next, membranes were incubated at 4°C overnight with primary antibodies as follows: JAK1 (CST; 1:1,000; 29261S), p-JAK1 (CST; 1:1,000; 74129S), STAT1 (CST; 1:1,000; 14994S), p-STAT1 (CST; 1:1,000; 9167S), STAT3 (CST; 1:1,000; 8768S), p-STAT3 (CST; 1:2,000; 9145S), SSR1 (Sigma; 0.4 μg/ml; HPA017062), and GAPDH (CST; 1:1,000; 5174S). Subsequently, the membranes were washed with Tris-buffered saline with Tween 20 (TBST) and incubated with secondary antibodies for 2 h. Protein bands were visualized using ECL (Beyotime, Shanghai, China).



Hematoxylin and Eosin Staining

Mouse tumor tissues were immersed in 10% neutral formalin for 1 day under sterile conditions. Next, the tumor samples were dehydrated, embedded in paraffin, and cut into 4-μm-thick sections. H&E staining was performed via a standard procedure.



CCK-8 Assay

Cell proliferation assays were conducted using a cell counting kit 8 (CCK-8) solution (Dojindo, Kumamoto, Japan). Cells were cultured in a 96-well plate and incubated with the solution for 3 h. Absorbance at 450 nm was measured using a Thermomax microplate reader (Molecular Devices, CA, United States). All assays were performed at least three times.



Transwell Assay

Cell migration was measured using a Transwell chamber (Corning Inc., Corning, NY, United States) with an 8.0-μm pore size polycarbonate membrane. Cells (105 per chamber) were cultured in up-chambers (matrix for invasion assay) for 24 h, after which cells were removed from the chamber. The cells on the reverse side of the chamber were fixed using 4% paraformaldehyde and then stained with crystal violet. The migrated cells were visualized using an IX71 inverted microscope (Olympus, Tokyo, Japan).



Scratch Wound Healing Assay

U251 and CRT cells, upon indicated transfections, were seeded in a six-well plate for culturing at 37°C in a 5% CO2 environment. The fine end of a 10-μl pipette tip was used to create a scratch wound. The cells were imaged using phase-contrast microscopy at the indicated times.



Biotinylated RNA Pull-Down

Biotinylated circTLK1 probes, miR-452-5p probes, and normal control probes were obtained from RiboBio (Guangzhou, China). Coimmunoprecipitation buffer (Beyotime) was used to lyse the cells. Probe-coated beads were constructed using the coincubating biotinylated probe and C-1 magnetic beads (Life Technologies, CA, United States) for 120 min. The probes were then incubated with cell lysates overnight. TRIzol reagent was used for RNA isolation, and qRT-PCR assays were performed to analyze the RNA complexes.



AGO2-RNA Binding Protein Immunoprecipitation

RIP assays were performed using a Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, Germany) with anti-AGO2 and anti-IgG following the manufacturer’s instructions. The complexes were evaluated using qRT-PCR assays.



Chromatin Immunoprecipitation

First, glycine was used to terminate the crosslinking reaction in cells with 1% formaldehyde. Subsequently, the bound RNA-protein was subjected to sonication for fragment production. Next, the antibodies were added, and the proteinated A-Sepharose beads were applied to the immunoprecipitated fractions. The results were analyzed using qRT-PCR analysis.



Luciferase Reporter Assays

The wild-type (WT) or mutant-type (Mut) sequences of circTLK1, circTLK1 promoter, or SSR1 were subjected to PmirGLO dual-luciferase vectors and then transfected into U251 and 293T cells with NC mimics miR-452-5p mimics or PcDNA 3.1/PcDNA 3.1-PBX2. After 24 h, the luciferase activities in U251 or 293T cells were detected using a dual-luciferase reporter assay system (Promega, WI, United States). Firefly luciferase activity was normalized to Renilla luciferase activity.



Statistical Analysis

Statistical analyses were performed using the SPSS 20 software (SPSS, Chicago, IL, United States). Results are shown as mean ± SD. Results in two different groups were calculated using unpaired Student’s t-test, and results among three or more groups were analyzed using one-way ANOVA. All assays were conducted at least thrice. Spearman analysis was used to evaluate the association of expression in the samples. Statistical significance was set at p < 0.05.



RESULTS


Measurement of circTLK1 in Gliomas

First, to uncover the role of circTLK1 in glioma, we assessed circTLK1 expression levels in 30 pairs of human glioma tissues. It was found that circTLK1 expression in glioma tumors was markedly higher than in normal matched tissues (Figure 1A). As shown in Figure 1B, circTLK1 expressed in T98G, LN229, CRT, U251, M059J, and M059K cells was higher than that in NHAs, and circTLK1 was abundantly expressed in U251 and CRT cells. Furthermore, we assessed the circRNA characteristics of circTLK1. The linear TLK1 (mTLK1) expression was significantly downregulated in U251 and CRT cells treated with RNase R; however, the expression of circTLK1 remained stable (Figure 1C). Subsequently, circTLK1 was found to be more stable than mTLK1 in U251 cells treated with the transcription inhibitor actinomycin D (Figure 1D). Random hexamer and oligo (dT)18 primers were used to amplify the TLK1 RNAs. As shown in Figure 1E, TLK1 mRNA expression was significantly upregulated but not that of the circular RNA. Moreover, nuclear-cytoplasmic fractionation assays (Figure 1F) and FISH analysis (Figure 1G) revealed that circTLK1 was primarily distributed in the cytoplasm. These findings suggests that circTLK1 may be involved in glioma development.
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FIGURE 1. Measurement of circTLK1 in gliomas. (A) Determination of the circTLK1 expression in 30 pairs of glioma tumor tissues and matched normal tissues using qRT-PCR. (B) qRT-PCR was used to measure circTLK1 expression in glioma cells T98G, LN229, CRT, U251, M059J, M059K, and normal human astrocytes NHAs. (C) Relative RNA levels were analyzed using RT-qPCR; the mock group was used for internal normalization. (D) U251 cells were treated with the transcription inhibitor actinomycin D to evaluate mTLK1 and circTLK1 stability. (E) Relative RNA levels analyzed using RT-qPCR in U251 cells; random hexamer primers were used for internal normalization. (F) The level of circTLK1 in the nuclear and cytoplasm of NHAs was measured using a nuclear-cytoplasmic fractionation assay. (G) FISH analysis was conducted to detect the distribution of circTLK1 in NHAs. *p < 0.05, **p < 0.01, ***p < 0.001.




Downregulated circTLK1 Inhibits Glioma Cell Proliferation, Migration, and Invasion

Here, we aimed to uncover the biological function of circTLK1 in glioma progression. Sh-NC, Sh-circTLK1#1, and Sh-circTLK1#2 were constructed and transfected into U251 and CRT cells. The relative expression of circTLK1 in U251 and CRT cells was measured (Figure 2A), and it was found that downregulated circTLK1 significantly inhibited cell proliferation (Figure 2B). Furthermore, our results showed that downregulated circTLK1 suppressed glioma cell migration and invasion (Figures 2C–E). Taken together, the results show that circTLK1 was involved in glioma progression by mediating increased cell viability, migration, and invasion of glioma cells in vitro.
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FIGURE 2. Downregulated circTLK1 inhibits glioma cell proliferation, migration, and invasion. (A) Transfection efficiencies of Sh-NC, Sh-circTLK1#1, Sh-circTLK1#2 in U251, and CRT detected using qRT-PCR. (B) CCK-8 assay assessing the cell proliferation abilities. (C) Transwell migration assay was performed to measure the cell migration levels. (D) Transwell invasion experiment was applied to detect cell invasion abilities. (E) Scratch test was applied to evaluate the migration ability of transfected cells. Comparative statistics are shown here. **p < 0.01, ***p < 0.001.




Downregulated circTLK1 Inhibits Glioma Cell Growth in vivo

Next, we evaluated the function of circTLK1 in a xenograft nude mouse model. U251 cells (106 per mouse), which were preinfected with Sh-NC, Sh-circTLK1#1, and Sh-circTLK1#2, were injected into nude mice. As shown in Figure 3A, representative images of subcutaneous tumors indicated that knockdown of circTLK1 suppressed tumor growth in vivo. Tumor weights and volumes were recorded, and comparative statistics were analyzed (Figures 3B,C). HE staining assays were performed, and the expression of proliferation biomarker Ki67 was assessed in mouse tumor tissues by immunohistochemistry (IHC) staining. The level of Ki67 was obviously decreased in circTLK1 knockdown tumors (Figure 3D). These results indicated that downregulation of circTLK1 suppressed glioma cell growth in vivo.
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FIGURE 3. Downregulated circTLK1 inhibits glioma cell growth in vivo. Mice were separated into three groups (n = 6) and then subcutaneously injected with U251 (106 per mouse) cells preinfected with Sh-NC, Sh-circTLK1#1, and Sh-circTLK1#2. (A) Representative image of subcutaneously incubated tumors (n = 6). (B) Tumor volumes were recorded every 3 days, and statistical results are presented. (C) Tumor end weights were recorded, and comparative statistics are shown. (D) Tumor histology was assessed using H&E staining (scale bar, 200 μm), and the proliferation marker Ki67 was detected using IHC staining (scale bar, 50 μm). **p < 0.01.




circTLK1 Modulates Gliomagenesis via Activating JAK/STAT Signaling

Previous studies have suggested that JAK/STAT signaling plays a role in glioma progression (Tu et al., 2011; Zhang et al., 2019; Swiatek-Machado and Kaminska, 2020). To explore whether circTLK1 regulates glioma progression through JAK/STAT signaling, we constructed OE-NC and OE-circTLK1 and transfected them into M059K and M059J cells. CircTLK1 expression was measured in the transfected cells (Figure 4A). Western blot analysis revealed that p-JAK1, p-STAT1, and p-STAT3 expression were significantly increased upon circTLK1 overexpression, while JAK1, STAT1, and STAT3 expression remained unchanged (Figures 4B,C). Moreover, glioma cell models were generated by transfecting OE-NC, OE-circTLK1, and JAK/STAT inhibitor cyt387 as indicated. Overexpression of circTLK1 in M059K and M059J cells promoted cell proliferation (Figures 4D,E), migration (Figures 4F,G,J,K), and invasion (Figures 4H,I), but these phenomena were rescued by treatment with the JAK/STAT inhibitor cyt387. The above results indicate that circTLK1 promotes gliomagenesis by regulating JAK/STAT signaling.
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FIGURE 4. CircTLK1 modulates gliomagenesis by activating JAK/STAT signaling. M059K and M059J cells were transfected with OE-NC or OE-circTLK1. (A) M059K and M059J cells were subjected to qRT-PCR to detect transfection efficiencies. (B,C) The expression of JAK/STAT pathway proteins in M059K and M059J cells, which were pretransfected with OE-NC, OE-circTLK1, and JAK/STAT inhibitor cyt387 as indicated, measured using Western blot, and comparative statistics are presented. (D,E) CCK-8 assays were conducted to measure the proliferation levels. (F,G) Treated M059K and M059J cells were subjected to a Transwell migration experiment to measure the cell migration level. (H,I) Transwell invasion assays were applied to detect cell invasion levels of treated M059K and M059J cells. (J,K) Scratch test was applied to evaluate the migration ability of transfected cells. *p < 0.05, **p < 0.01, ***p < 0.001.




circTLK1 Regulates SSR1 Expression Through Sponging miR-452-5p

First, we assessed the mRNA binding ability of circTLK1 in U251 cells. AGO2-RNA binding protein immunoprecipitation (AGO2-RIP) assays were performed, and it was found that circTLK1 was abundantly enriched in AGO2 antibody complexes in comparison with anti-IgG (Figure 5A), which showed that circTLK1 acts as a competitive endogenous RNA (ceRNA) in gliomagenesis. Then, to understand the mechanisms underlying circTLK1 in gliomagenesis, downstream factors were investigated via bioinformatics analysis. Three putative mRNAs were selected, and biotinylated RNA pull-down assays were performed. As shown in Figure 5B, in comparison with bio-NC, miR-452-5p expression was found to be significantly higher than that of other putative mRNAs, suggesting that miR-452-5p might bind to circTLK1. The predicted binding sites between miR-452-5p and circTLK1 (WT or MUT) were synthesized (Figure 5C). The correlation between miR-452-5p and circTLK1 was assessed using a luciferase reporter gene assay. Luciferase activities in 293T and U251 cells preinfected with miR-452-5p mimic and vectors harboring circTLK1 WT sequences were evidently decreased (Figures 5D,E). Subsequently, miR-452-5p expression levels in U251 and CRT cells, infected with Sh-NC, Sh-circTLK1#1, and Sh-circTLK1#2, were detected. Knockdown of circTLK1 upregulated miR-452-5p expression (Figure 5F). Moreover, miR-452-5p expression was inhibited by circTLK1 (Figure 5G) and downregulated in glioma tumor tissues (Figure 5H). The miR-452-5p expression in glioma tumor tissues was significantly correlated with circTLK1 (Figure 5I).
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FIGURE 5. CircTLK1 sponges to miR-452-5p. ENCORI database (http://starbase.sysu.edu.cn/index.php) with CLIP data, strict stringency (≥ 5), and degradome data, medium stringency (≥2) (A) mRNA binding ability of circTLK1 was detected using AGO2-RIP assays in U251 cells. (B) qRT-PCR was performed to assess relative RNA expressions in U251 cells. (C) The binding sites between miR-452-5p and circTLK1 (WT or MUT). (D,E) Relative luciferase activities in NC mimic, miR-452-5p mimic, and reporter vectors containing circTLK1 WT and Mut sequences transfected into 293T and U251 cells were measured. (F) Relative miR-452-5p expression in U251 and CRT cells pretreated with Sh-NC, Sh-circTLK1#1, and Sh-circTLK1#2 was measured using qRT-PCR. (G) miR-452-5p expression in U251 and CRT cells pretreated with OE-NC and OE-circTLK1 was evaluated using qRT-PCR. (H) The miR-452-5p expression level in glioma tissues was detected using qRT-PCR. (I) The circTLK1 and miR-452-5p expression association was calculated using Spearman analysis. **p < 0.01, ***p < 0.001.


Next, we explored the target mRNA of miR-452-5p using the PITA and DIANA-microT databases. The expression of potential mRNA targets in biotinylated probes transfected into U251 cells was assessed; the SSR1 expression level was significantly higher in these cells than in the other groups (Figure 6A). The binding sites between SSR1 (WT or MUT) and miR-452-5p are presented in Figure 6B. Subsequently, we found that luciferase activity in 293T and U251 cells preinfected with miR-452-5p mimic and a vector containing SSR1 WT sequences were markedly decreased (Figures 6C,D). The SSR1 expression level was significantly inhibited by circTLK1 knockdown but reversed by miR-452-5p inhibition (Figures 6E–G). This indicated that SSR1 was a downstream target of miR-452-5p and positively mediated by circTLK1. Furthermore, we found that SSR1 expression in glioma tumor tissues was downregulated and correlated with miR-452-5p or circTLK1 expression (Figures 6H–J).
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FIGURE 6. CircTLK1 regulates SSR1 expression through sponging miR-452-5p. PITA database (http://genie.weizmann.ac.il/pubs/mir07/mir07_dyn_data.html) and DIANA-microT (http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index) with CLIP Data, strict stringency (≥5), and degradome data, high stringency (≥3), was used. (A) qRT-PCR was used to assess potential binding mRNAs expression and bio-miR-452-5p expression in U251 cells. (B) The WT and MUT binding sites between SSR1 and miR-452-5p. (C,D) Relative luciferase activities in NC mimic, miR-452-5p mimic, and reporter vectors containing SSR1 WT and Mut sequences transfected into 293T and U251 cells were measured. (E–G) The protein and mRNA expressions of SSR1 in U251 and CRT pretreated with Sh-NC, Sh-TLK1#1, Sh-TLK1#1 + NC-inhibitor, and Sh-TLK1#1 + miR-452-5p-inhibitor were measured using qRT-PCR and Western blot. All experiments were performed in triplicates. (H) SSR1 expression in glioma tissues was assessed using qRT-PCR. (I,J) Spearman analysis was used to calculate the association between SSR1 and circTLK1 or miR-452-5p. *p < 0.05, **p < 0.01, ***p < 0.001.




circTLK1 Promotes Gliomagenesis via miR-452-5p/SSR1/JAK/STAT Pathway

We further explored whether circTLK1 mediates JAK/STAT signaling via the miR-452-5p/SSR1 axis. For this purpose, we constructed glioma knockdown cell models and evaluated the expression of SSR1, and JAK/STAT pathway proteins in these cell models were measured (Figures 7A,B). Subsequently, the biological functions of each cell model were assessed. It was found that overexpression of SSR1 inhibited the suppressive effects of Sh-circTLK1 on cell proliferation (Figure 7C), migration (Figures 7D,E,H,I), and invasion (Figures 7F,G), but these phenomena were rescued by treatment with the JAK/STAT inhibitor cyt387. This suggested that circTLK1/miR-452-5p/SSR1 participates in glioma progression by mediating JAK/STAT signaling.
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FIGURE 7. CircTLK1 promotes gliomagenesis via the miR-452-5p/SSR1/JAK/STAT pathway. (A,B) The expressions of SSR1 and JAK/STAT pathway proteins in Sh-NC, Sh-circTLK1#1, Sh-circTLK1#1 + OE-NC, Sh-circTLK1#1 + OE-SSR1, and Sh-circTLK1#1 + OE-SSR1 + cyt387 transfected into U251 and CRT cells were detected using Western blot, and comparative statistics were analyzed. (C) CCK-8 was used to measure the proliferation levels. (D,E) Transwell migration assay was applied to measure migration abilities of treated U251 and CRT cells. (F,G) Transwell invasion assay was applied to assess cell invasion abilities of treated U251 and CRT cells, and comparative statistics are presented. (H,I) The migration level of transfected cells was detected using the scratch test, and results were analyzed as indicated. *p < 0.05 and **p < 0.01.




circTLK1 Expression Is Mediated by PBX2

CircRNA expression could be regulated by transcriptional factors (Wang et al., 2018; Wu L. et al., 2019; Lv et al., 2020), which is an important mechanism in circRNA functional patterns. Here, we further investigated the mechanisms upstream of circTLK1 in gliomagenesis. Using the JASPAR1 dataset, we identified three transcriptional regulators (ZNF460. ZNF135, and PBX2) that may mediate circTLK1 expression. Subsequently, we constructed dysregulation cell models of each regulator and measured the expression levels of circTLK1 in these cells. As shown in Figures 8A–C, circTLK1 expression was upregulated in pre-B-cell leukemia transcription factor 2 (PBX2)-overexpressing cells and downregulated in PBX2 knockdown cells. Furthermore, chromatin immunoprecipitation (ChIP) assay results showed that TLK1 was markedly enriched after treatment with anti-PBX2 antibody as to isotype control (Figure 8D). Our results suggest that PBX2 might be at functional upstream regulator of circTLK1 in glioma cells. The predicted binding sequences between the TLK1 promoter and PBX2 were obtained from the JASPAR dataset (Figures 8E,F). The interaction between the TLK1 promoter and PBX2 was assessed using a luciferase reporter assay. As shown in Figures 8G,H, PBX2 overexpression promoted the activity of the wild type (WT) of the TLK promoter, while this phenomenon was attenuated in each mutant type (Mut) of the TLK promoter. Furthermore, the promotive effect of PBX2 overexpression on the TLK1 promoter was completely abrogated when the site 1 and 2 binding sequences were mutated. Our results indicated that circTLK1 expression in glioma cells could be mediated by the transcriptional regulator PBX2.
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FIGURE 8. CircTLK1 expression is mediated by PBX2. CRT and U251 cells were stably infected with OE-NC, OE-RNAs, si-NC, and si-PBX2, as indicated. (A,B) Relative expression of circTLK1 in (A) CRT and (B) U251 cells pretreated with OE-NC and OE-RNAs was measured using qRT-PCR. (C) Relative expression of circTLK1 in CRT and U251 cells pretransfected with si-NC and si-PBX2 was detected using qRT-PCR. (D) ChIP assay was performed using anti-IgG and anti-PBX2; results were detected using the qRT-PCR assay. (E) The predicted binding sites of circTLK1 promoter were obtained from the JASPAR dataset. (F) The predicted binding sequence of PBX2 was collected from the JASPAR dataset. (G,H) The impact of PBX2 on circTLK1 transcription in (G) CRT and (H) U251 cells was assessed using luciferase reporter assay. **p < 0.01, ***p < 0.001.




DISCUSSION

The findings of this study revealed that circTLK1 mediated by PBX2 regulated JAK/STAT signaling to promote glioma development by facilitating miR-452-5p/SSR1. First, it was found that that circTLK1 was expressed at higher levels in glioma tissues than in matched normal tissues. The circular RNA characteristic of circTLK1 was assessed. CircTLK1 is abundantly expressed in glioma cells. These results suggest that circTLK1 may be involved in glioma development.

Subsequently, the biological functions of circTLK1 in glioma cell lines were assessed. It was found that circTLK1 knockdown suppressed glioma cell progression by performing CCK-8, Transwell, and scratch assays. Then, animal models were constructed, and our results suggested that downregulated circTLK1 suppressed tumor cell growth in vivo. We noticed that JAK/STAT signaling plays a crucial role in glioma progression, and we presumed that circTLK1 plays a role in mediating JAK/STAT signaling in glioma progression. The expressions of p-JAK1, p-STAT1, and p-STAT3 in circTLK1-overexpressing cells were upregulated, suggesting that JAK/STAT signaling was activated by circTLK1. Moreover, the promotive effects of circTLK1 on glioma cellular progress were rescued by treatment with the JAK/STAT signaling inhibitor cyt387. Our results imply that circTLK1 participates in glioma progression by activating JAK/STAT signaling.

Previous studies have demonstrated that miR-452-5p participates in multiple biological processes, such as colorectal cancer (Yan et al., 2020b), gastric cancer (Zhu et al., 2020), hepatocellular cancer (Yang et al., 2020), prostate cancer (Song X. et al., 2020), and renal cancer (Zhai et al., 2018). However, the role of miR-452-5p in gliomas has not been previously reported. Our results revealed that circTLK1 sponges miR-452-5p and negatively mediates miR-452-5p expression. Signal sequence receptor subunit 1 (SSR1) was found to be a downstream target of miR-452-5p in glioma cells. SSR1 was found to be associated with hypopharyngeal squamous cell carcinoma (Yan et al., 2020a) and breast cancer (Funakoshi et al., 2019). However, whether SSR1 participates in glioma progression remains unclear. Our results revealed that miR-452-5p directly targeted SSR1 and suppressed its expression in glioma cells. Furthermore, JAK/STAT signaling was found to be mediated by the circTLK1/miR-452-5p/SSR1 axis.

The expression of circRNAs can be regulated by transcription factors. Lv et al. (2020) demonstrated that circ-MMP2 expression in lung adenocarcinoma cells is induced by FOXM1 and that the transcription factor c-FOS could bind to the promoter region of circPVT1 and promote circPVT1 expression in non-small cell lung cancer cells (Li et al., 2018b). Wang et al. (2018) demonstrated that circ-4099 expression in intervertebral disk degradation is regulated by TNF-α-induced GRP78. Transcription factor-induced expression is an important pattern of circRNAs in various biological processes. In this study, we have partially revealed the downstream mechanisms affected by circTLK1 in gliomagenesis, and we further investigated the upstream regulator of circTLK1. By utilizing the JASPAR dataset, ChIP, and luciferase reporter assays, we identified that PBX2 could bind to the circTLK1 promoter and mediate circTLK1 expression in glioma cells.

Although we partially demonstrated the existence of the novel PBX2/circTLK1/miR-452-5p/SSR1 axis in glioma progression, this will require extensive investigation. Our clinical results require additional samples for further confirmation. Moreover, the relationship between SSR1 and JAK/STAT signaling needs to be verified.

In conclusion, we partially elucidated the role of circTLK1 in glioma progression. CircTLK1 mediated by PBX2 regulates JAK/STAT signaling to promote glioma development via the miR-452-5p/SSR1 axis. Our results provide novel diagnostic and therapeutic targets for treating glioma.
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