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Introduction: Thyroid cancer is the most common endocrine malignancy with Papillary Thyroid Carcinoma (PTC) as the most common pathological type. Due to low mortality but a high incidence, PTC still causes a relatively heavy burden on financial costs, human health, and quality of life. Emerging researches have indicated that circular RNAs (circRNAs) play a significant regulatory role in various cancers, including PTC. However, the functions and mechanisms of circRNAs derived from SSU72 remain unknown.
Method: The expression level of circRNAs derived from the exons of SSU72, miR-361–3p, miR-451a, and S1PR2 was evaluated by qRT-PCR assay or western blot assay. The interactions between circSSU72 (hsa_circ_0009294), miR-451a, and S1PR2 were verified by dual-luciferase reporter assay. Effects of circSSU72, miR-451a, and S1PR2 on cell proliferation, migration, and invasion were confirmed by colony formation assay, cell counting kit-8 (CCK-8), wound healing assay, and Transwell assays in vitro.
Results: circSSU72 was upregulated in PTC; circSSU72 knockdown inhibited PTC cell proliferation, migration, and invasion. In addition, circSSU72 could negatively regulate miR-451a by functioning as a sponge. circSSU72 promoted PTC cell proliferation, migration, and invasion by targeting miR-451a in vitro. We further found that miR-451a inhibited PTC cell proliferation, migration, and invasion by regulating S1PR2. Overall, the circSSU72/miR-451a/S1PR2 axis might influence PTC cell proliferation, migration, and invasion.
Conclusions: Overall, circSSU72 (hsa_circ_0009294)/miR-451a/S1PR2 axis may promote cell proliferation, migration, and invasion in PTC. Thus, circSSU72 may serve as a potential biomarker and therapeutic target for PTC.
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INTRODUCTION
Thyroid cancer (TC) is the most common endocrine malignancy with papillary thyroid carcinoma (PTC) as the most common pathological type of TC. Although accounting for over 80% TC, PTC usually carries a very good patient prognosis with surgical treatments. (Kim et al., 2020) However, 10–15% of advanced PTC patients suffer from recurrence, and 5–25% from distant metastasis, with radioactive iodine ablation, thyroid-stimulating hormone suppression, and available targeted therapies. (DeGroot et al., 1990; Sebastian et al., 2000; Laha et al., 2020) Due to the low mortality but the high incidence, PTC still causes a relatively heavy burden on financial costs, human health, and quality of life. Thus, studies on oncogenesis and the development of PTC are still needed for more promising therapeutic targets.
Circular RNAs (circRNAs), as a large class of non-coding RNAs, contain a unique covalent loop structure without 5′-cap and 3′-poly (A) structures, resulting in their resistance to exonuclease degradation. circRNAs usually function as competitive endogenous RNAs (ceRNAs) by sponging micro RNAs (miRNAs), therefore influencing mRNAs expression and further oncogenesis and development of diseases. (Xia et al., 2021) Due to their conservation, circRNAs are expected to be valuable biomarkers and therapeutic targets in various cancer types.
SSU72 (SSU72 Homolog, RNA Polymerase II CTD Phosphatase) is a novel phosphatase with dual specificity that can dephosphorylate both phosphoserine/threonine and phosphotyrosine, which is also essential for RNA polymerase II. (Rodríguez-Torres et al., 2013) SSU72 intervenes at different stages of the transcription process by interacting with RNAPII subunits including Rpb2, TFIIB, and other mediators. SSU72 has a unique active site with specific structural characteristics at the C-terminus. It consists of a central 5-stranded β-sheet (β1–β5) enclosed by helices on both sides. SSU72 not only physiologically functions as a cohesin-binding phosphatase, but is also involved in various diseases, including nonalcoholic steatohepatitis, hepatocellular carcinoma, and autoimmune diseases. (Hwang et al., 2021) Moreover, SSU72 shows the highest expression in the thyroid among all the normal tissues. (Fagerberg et al., 2014) Thus, we consider that the SSU72-derived circRNAs may participate in the oncogenesis and development of PTC.
In this study, for the first time, we comprehensively uncovered the biological roles of SSU72-derived circRNAs in oncogenesis and development of PTC, which might provide a potential biomarker and a therapeutic target of PTC.
METHODS
Patient Samples
30 pairs of PTC tissues and adjacent normal tissues were obtained from PTC patients in the Xiangya Hospital, Central South University from January to June 2020. This study was approved by the Ethics Committee of the Xiangya Hospital and written consent was obtained from all subjects.
Cell Culture
Human thyroid normal epithelial cell line (Nthy-ori 3-1), and human PTC cell lines (B-CPAP, KTC-1, K1, IHH-4, TPC-1) were purchased from the Shanghai Academy of Sciences. Nthy-ori 3-1 was cultured in Dulbecco’s modified Eagle’s medium (DMEM), while B-CPAP, KTC-1, K1, IHH-4, and TPC-1 in RPMI-1640 medium (Gibco, USA), supplemented with penicillin (100 U/mL), streptomycin (100 μg/ml), and 10% fetal bovine serum (FBS, S Hyclone). All the cell lines were maintained at 37°C with 5% CO2.
RNA Extraction and Quantitative Real-Time PCR Assay
Total RNAs of thyroid cancer tissues and cells were extracted by using RNAEX reagent (Accurate Biotechnology, Hunan) with instructions of the manufacturer. RNase R (Epicenter Technologies) was used for 15 min at 37°C when RNase R treatment was necessary. The first strand of cDNA was synthesized with Evo M-MLV Mix Kit (Accurate Biotechnology, Hunan). Particularly, the first strand of cDNA of miR-361–3p and miR-451a was synthesized using the stem-loop method, while the first strand of cDNA of U6 was synthesized with a gene-specific primer. SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, Hunan) was used for subsequent qRT-PCR assay on QuantStudio 5 system (ThermoFisher Scientific, USA). The relative expression levels were analyzed using the 2−ΔΔCt method and normalized by beta-actin or U6. The sequences of primers involved in this study were shown in Table 1.
TABLE 1 | The sequence of primers involved in this study.
[image: Table 1]Fluorescence In Situ Hybridization Assay
In situ hybridization was carried out using probes specific to the circSSU72 sequence. The Nthy-ori 3-1 cell was cultured in a 24-well plate. RNA localization was determined using a FISH kit from RiboBio according to the manufacturer’s protocol. The nucleus was stained using the 4′,6-diamidino-2-phenylindole (DAPI) and the signals were measured by fluorescence microscopy.
Oligonucleotide Transfection
The hsa_circ_0009294 siRNAs, miR-451a inhibitors, and mimics, as well as negative control (NC), were obtained from Sangon (Shanghai, China). Transfection was performed by Lipofectamine™ RNAi MAX (Invitrogen) according to the instructions of the manufacturer.
Stable Transfection
Human lentivirus-S1PR2 and lentivirus-hsa_circ_0009294 were purchased from Genechem (Shanghai, China) and transfected into cells using HitransG P (Genechem). Puromycin (Gibco, USA) was used for the selection of cells and green fluorescent protein (GFP) was used to exam the transfection efficiency. The 3’ UTR was contained in the expression vectors for further investigations.
Dual-Luciferase Activity Assay
The interactions between circSSU72, miR-451a, and S1PR2 were measured by dual-luciferase activity assay in Nthy-ori 3-1 cell. The original sequence of circSSU72 and S1PR2 was constructed into Luc-circSSU72-WT and Luc-S1PR2-WT plasmid, while we mutated the predicted binding site of miR-451a on circSSU72 and S1PR2 in Luc-circSSU72-MUT and Luc-S1PR2-MUT plasmid. Nthy-ori 3-1 cell was cultured in 24-well plates. Plasmids were transfected using X-tremegene HP (ROCHE), while miR-451a mimics and NC mimics were transfected using Lipofectamine™ RNAi MAX (Invitrogen). After incubation of 48 h, relative luciferase activity was detected by a Dual-Luciferase® Reporter Assay System (Promega, Madison, WI) with the renilla luciferase activity as an internal reference.
Target Prediction of circSSU72 and miR-451a
Three bioinformatics databases were used for target prediction of circSSU72 (hsa_circ_0009294), including Circbank (http://www.circbank.cn/), (Liu et al., 2019) starBase (http://starbase.sysu.edu.cn/), (Li et al., 2014) and CircInteractome (https://circinteractome.irp.nia.nih.gov/). (Dudekula et al., 2016) Meanwhile, TargetScan (http://www.targetscan.org/) (Agarwal et al., 2015) and miRDB (http://mirdb.org/) (Chen and Wang, 2020) were used for target prediction of miR-451a.
Western Blot Assay
Proteins were extracted using RIPA buffer (Beyotime, Shanghai, China), and the concentration was determined by a BCA kit (ThermoFisher Scientific). An equivalent amount of proteins was isolated by SDS-PAGE, and transferred to polyvinyl fluoride membrane (Merck KGaA). After incubation with primary antibodies overnight at 4°C, and incubation with horseradish peroxidase-conjugated secondary antibodies (FDM007 and FDR007, Fudebio, Hangzhou, China) for 2 h. The membranes were treated with the enhanced chemiluminescent reagents (MILLIPORE, WBKLS0500). The signals were examined by ChemiDox (bio-rad, USA) with the treatment of an enhanced chemiluminescence kit (FD8030, Fudebio, Hangzhou, China). The primary antibodies involved in the present study were GAPDH (1:1000, Abcam), anti-S1PR2 (1:500, Proteintech), anti-AKT (1:1000, Wanleibio), anti-p-AKT (Ser473) (1:1000, Wanleibio).
Cell Counting Kit-8 Assay
Cell Counting Kit-8 (Beyotime, Shanghai, China) was used to detect cell proliferation ability. An equivalent amount of cells was plated on 96-well plates and CCK8 solution (10 ul/well) was added at pointed time. The absorbance at 450 nm was measured subsequently after 2 h incubation at 37°C.
5-Ethynyl-20-Deoxyuridine Incorporation Assay
The EdU assay was performed using a BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 555 (Beyotime, Shanghai, China) according to the instructions of the manufacturer.
Colony Formation Assay
An equivalent amount of TPC-1 and IHH-4 cells were planted into the 6-well plates and incubated for 14 days at 37 °C. After being fixed and stained with 0.1% crystal violet, the colony was counted for comparisons.
Wound Healing Assay
Cells were cultured in 6-well plates at 37 °C. Scratch wounds were created by using the fine end of 100-μL pipette tips. Images of migrated cells were captured under phase-contrast microscopy at different times.
Transwell Assay
Transwell assays were used to detect cell migration and invasion and conducted as previously described. (Xia et al., 2020)
Tumor Formation Assay In Vivo
The 6-week old male BALB/c nude mice were purchased from the Department of Laboratory Animal Science, Central South University for the in vivo tumor formation assay. TPC-1 cells (1 × 106) that were stably transfected with circSSU72 overexpression vectors or NC vectors were subcutaneously injected into the left armpit of nude mice. Tumor growth was detected at 0, 1, 2, 3, and 4 weeks after injection, and the volume of tumors was recorded as the length×width (DeGroot et al., 1990)×0.5. Four weeks after injection, the mice were euthanized with CO2, and the tumors were collected.
Statistical Analyses
R 3.3.0 and Statistical Package for Social Sciences 23.0 for Windows (SPSS Inc., Chicago, IL, United States) were used to perform statistical analyses, while GraphPad Prism v7.0 software (GraphPad Software, La Jolla, CA, USA) was used for generating illustrations. One-way analysis of variance (ANOVA) was used for homogeneous variance, while Welch’s ANOVA was applied when the variance was heterogeneous.
RESULTS
circSSU72 (hsa_circ_0009294) was Upregulated in PTC
circRNAs derived from SSU72 were investigated in the CircBank Database, and 8 circRNAs were found. After excluding 3 circRNAs containing introns, 5 circRNAs derived from extrons were finally included in this study (hsa_circ_0009293, hsa_circ_0009294, hsa_circ_0009295, hsa_circ_0009296, hsa_circ_0009297). We subsequently confirmed the expression pattern of these SSU72-related circRNAs in Nthy-ori 3-1, TPC-1, IHH-4 cells by qRT-PCR assay with divergent primers (Figures 1A–C) Results showed that hsa_circ_0009294 dominated the SSU72-related circRNAs. Thus, we named hsa_circ_0009294 as circSSU72 and the following researches were focused on circSSU72 (Figure 1D).
[image: Figure 1]FIGURE 1 | circSSU72 was upregulated in PTC (A) The expression of SSU72-related circRNAs in the Nthy-ori 3-1 cells (n = 3). (B) The expression of SSU72-related circRNAs in the TPC-1 cells (n = 3). (C) The expression of SSU72-related circRNAs in the IHH-4 cells (n = 3). (D) The diagram exhibiting the formation of circSSU72 (hsa_circ_0009294). (E) qRT-PCR detected the levels of circSSU72 and SSU72 mRNA after reverse transcribed with random primers and oligo (dT)18 primers (n = 3). (F) The relative expression of circSSU72 and SSU72 mRNA after treatment of RNase R (n = 3). (G) circSSU72 was separately detected in nuclear and cytoplasm (n = 3). (H) The expression level of circSSU72 (hsa_circ_0009294) was evaluated by FISH assay in Nthy-ori 3-1 cells. circSSU72 was stained red and nuclei were stained blue using 4ʹ,6-diamidino-2-phenylindole (DAPI). Scale bars = 100 µm. (I) The expression of circSSU72 was assessed by qRT-PCR assay in PTC tissues and adjacent normal tissues (n = 30). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
As shown in Figure 1E, oligo (dT)18 primers were not able to achieve reverse transcription, indicating circSSU72 was a closed-loop structure. To confirm the cyclization and stability of circSSU72, an RNase R treatment was applied. The liner SSU72 mRNA decreased significantly, while the circSSU72 showed insensitivity to RNase R (Figure 1F). Meanwhile, nuclear and cytoplasmic RNA was extracted respectively, and qRT-PCR showed circSSU72 was mainly localized in the cytoplasm with insensitivity to RNase R (Figure 1G). The FISH assay also demonstrated that circSSU72 (hsa_circ_0009294) was expressed in the cytoplasm of Nthy-ori 3-1 cell (Figure 1H).
To determine the role of circSSU72 in PTC, the expression of circSSU72 was examined by qRT-PCR in 30 PTC patients. And the results showed circSSU72 was significantly upregulated in PTC tissues than adjacent normal tissues (Figure 1I). Patients were subsequently divided into the circSSU72-low group and the circSSU72-high group, and the patient and tumor characteristics were shown in Table 2. The higher level of circSSU72 was significantly associated with bigger lesions, capsule invasion, and lymph node metastasis.
TABLE 2 | Patient and tumor characteristics.
[image: Table 2]The Silence of circSSU72 Inhibited PTC Cell Proliferation, Migration, and Invasion
The expression of circSSU72 was subsequently investigated in multiple cell lines. Among five PTC cell lines (B-CPAP, KTC-1, K1, IHH-4, TPC-1), TPC-1 and IHH-4 showed the highest level of circSSU72 expression (Figure 2A). To explore whether circSSU72 could affect the progression of PTC, TPC-1 and IHH-4 cells were transfected with circSSU72 siRNAs. As shown in Figure 2B, two siRNAs both decreased the expression of circSSU72 in TPC-1 cells, however there was no significant difference between the NC group and si-circ_0009294-2 in IHH-4 cells. Thus, si-circ_0009294-1 was chosen for further experiments. The clone formation (Figure 2C), CCK-8 assay (Figures 2D,E), and EdU assay (Figures 2F,G) revealed that the proliferation of PTC cells was inhibited in the si-circSSU72 group compared with the NC group. Meanwhile, wound healing assay (Figures 2H,I) and Transwell invasion and migration assay (Figures 2J,K) revealed the ability of invasion and migration of PTC cells was also inhibited by interfering circSSU72.
[image: Figure 2]FIGURE 2 | The silence of circSSU72 inhibited PTC cell proliferation, migration, and invasion. (A) The expression of circSSU72 was investigated in five PTC cell lines (n = 3). (B) TPC-1 and IHH-4 cells were transfected with siRNAs of circSSU72, and the expression level of circSSU72 was analyzed by qRT-PCR assay (n = 3). (C) Colony formation assay of the cell proliferation ability in TPC-1 and IHH-4 cells transfected with si-circSSU72 (n = 3). (D) CCK8 assay to assess the influence of circSSU72 on TPC-1 cell (n = 3). (E) CCK8 assay to assess the influence of circSSU72 on IHH-4 cell (n = 3). (F) EdU assay of the cell proliferation ability in TPC-1 cell transfected with si-circSSU72 (scale bar = 100 um, n = 4). (G) EdU assay of the cell proliferation ability in IHH-4 cell transfected with si-circSSU72 (scale bar = 100 um, n = 4). (H) Scratch wound healing assays in transfected TPC-1 cell (scale bar = 200 um, n = 3). (I) Scratch wound healing assays in transfected IHH-4 cell (scale bar = 200 um, n = 3). (J) Transwell invasion and migration assay in transfected TPC-1 cell (scale bar = 100 um, n = 3). (K) Transwell invasion and migration assay in transfected IHH-4 cell (scale bar = 100 um, n = 3). p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Meantime, circSSU72 overexpressing cell lines were also constructed by circSSU72 overexpression vectors using consistent cell lines (Supplementary Figure S1). CCK-8 assay, EdU assay, and Transwell invasion and migration assay confirmed that circSSU72 overexpressing promoted cell proliferation, invasion, migration in these two PTC cell lines (Supplementary Figure S1). Tumor growth was assayed in vivo to further investigate the roles of circSSU72. The volume and weight of tumors from circSSU72 overexpressing TPC-1 cells were significantly higher compared with tumors from NC TPC-1 cells (Supplementary Figure S1).
circSSU72 Functioned as a Sponge for miR-451a
Multiple studies have proven that circRNAs could function by sponging miRNAs. Therefore, we subsequently explored the potential miRNAs associated with circSSU72. Three databases, including Circbank, starBase, and CircInteractome, were used for the selection of circSSU72-associated miRNAs. The Venn plot showed two miRNAs (miR-361–3p, miR-451a) were potential targets of circSSU72 (Figure 3A). We further examined the expression of these two miRNAs with or without si-circSSU72 by qRT-PCR. miR-451a was significantly upregulated when inhibiting circSSU72 in both TPC-1 and IHH-4 cells, while the expression of miR-361–3p did not change significantly in IHH-4 cells (Figure 3B). Meanwhile, we also investigated miRSeq data of THCA patients in the TCGA database, and the intersection between potential miRNA targets and downregulated miRNAs with log2 (fold change) ≤-1 included only miR-451a (Figure 3C). The expression data of miR-451a in TCGA-THCA were shown in Figure 3D, and the Kaplan-Meier plot also showed that miR-451a was associated with better progression-free survival (Figure 3E), which was consistent with being a target of circSSU72. Furthermore, the circSSU72 expression was negatively associated with the miR-451a expression in PTC tissues (Figure 3F). Dual-luciferase reporters assay also validated the direct interaction between circSSU72 and miR-451a (Figures 3G,H).
[image: Figure 3]FIGURE 3 | circSSU72 functioned as a sponge for miR-451a. (A) Venn plot of three databases, including Circbank, starBase, and CircInteractome, to predict the targets of circSSU72. (B) The expression of miR-361–3p and miR-451a in TPC-1 and IHH-4 cells with or without si-circSSU72 by qRT-PCR (n = 3). (C) Venn plot of potential target miRNAs and downregulated miRNAs in TCGA-THCA. (D) The expression of miR-451a in TCGA-THCA. (E) The Kaplan-Miere curve of miR-451a concerning the progression-free survival of TCGA-THCA. (F) Correlation between circSSU72 and miR-451a expression in 15 pairs PTC tissues (n = 15). (G,H) A putative interaction site with miR-451a in circSSU72 was predicted and verified by dual-luciferase reporter assay in TPC-1 cell (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
The Silence of circSSU72 Inhibited PTC Cell Proliferation, Migration, and Invasion by Targeting miR-451a
miR-451a inhibitors were proven to be effective in both two PTC cells (Figure 4A), and further assays were performed to confirm the function of the circSSU72/miR-451a axis. The clone formation, CCK-8 assay, and EdU assay revealed that the proliferation of PTC cells was inhibited by si-circSSU72 and miR-451a inhibitor reversed the suppressive effects in TPC-1 (Figures 4B–D) and IHH-4 cells (Supplementary Figure S2). Meanwhile, wound healing assay and Transwell invasion and migration assay revealed the suppressive effects of si-circSSU72 on the ability of invasion and migration of TPC-1 (Figures 4E,F) and IHH-4 cells (Supplementary Figure S2) could also be reversed by miR-451a inhibiting. These results indicated that circSSU72 affected the proliferation, migration, and invasion of PTC cells by targeting miR-451a.
[image: Figure 4]FIGURE 4 | The silence of circSSU72 inhibited PTC cell proliferation, migration, and invasion by targeting miR-451a. (A) The expression of miR-451a in TPC-1 and IHH-4 cells with the transfection of miR-451a inhibitor (n = 3). (B) Colony formation assay of the cell proliferation ability in TPC-1 cell transfected with si-circSSU72 and miR-451a inhibitor (n = 3). (C) CCK8 assay to assess the influence of circSSU72 and miR-451a on TPC-1 cell (n = 3). (D) EdU assay of the cell proliferation ability in TPC-1 cell transfected with si-circSSU72 and miR-451a inhibitor (scale bar = 100 um, n = 4). (E) Scratch wound healing assays in transfected TPC-1 cell (scale bar = 200 um, n = 3). (F) Transwell invasion and migration assay in transfected TPC-1 cell (scale bar = 100 um, n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
miR-451a Targeted S1PR2 in PTC Cells
To explore the potential target of miR-451a, TargetScan, miRDB, and transcriptome data from TCGA-THCA were used for predicting potential targets. As shown in Figure 5A 4 genes, including MIF (Macrophage Migration Inhibitory Factor), PSMB8 (Proteasome 20S Subunit Beta 8), S1PR2 (Sphingosine-1-Phosphate Receptor 2), and CAB39 (Calcium Binding Protein 39), were candidates for the target of miR-451a. miR-451a mimics were successfully transfected into PTC cells (Figure 5B), and qRT-PCR showed that only S1PR2 was significantly regulated after the transfection of miR-451a mimics in both TPC-1 and IHH-4 cells (Figures 5C–F). Subsequently, a western blot assay was performed to confirm the downregulation of S1PR2 by miR-451a mimics (Figure 5G). Dual-luciferase reporters assay also validated the direct interaction between miR-451a and S1PR2 (Figure 5H).
[image: Figure 5]FIGURE 5 | miR-451a targeted S1PR2 in PTC cells. (A) Venn plot of three databases, including TargetScan, miRDB, and upregulated mRNAs in TCGA-THCA. (B) The expression of miR-451a in TPC-1 and IHH-4 cells with the transfection of miR-451a mimics (n = 3). (C) The expression of MIF in TPC-1 and IHH-4 cells with or without miR-451a mimics by qRT-PCR (n = 3). (D) The expression of PSMB8 in TPC-1 and IHH-4 cells with or without miR-451a mimics by qRT-PCR (n = 3). (E) The expression of S1PR2 in TPC-1 and IHH-4 cells with or without miR-451a mimics by qRT-PCR (n = 3). (F) The expression of CAB39 in TPC-1 and IHH-4 cells with or without miR-451a mimics by qRT-PCR (n = 3). (G) The expression of S1PR2 protein in TPC-1 and IHH-4 cells with or without miR-451a mimics by western blot assay. (H) A putative interaction site with miR-451a in S1PR2 was predicted and verified by dual-luciferase reporter assay in TPC-1 cell (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
miR-451a Inhibited the Proliferation, Migration, and Invasion of PTC Cells by Targeting S1PR2
TPC-1 and IHH-4 cells were transfected with S1PR2 overexpression vectors or NC vectors. Green fluorescence showed that the transfections were successful (Figure 6A). The efficacy of miR-451a mimics and the expression of S1PR2 were also validated in TPC-1 (Figures 6B,C) and IHH-4 cells (Figures 6D,E). Subsequently, western blot assay was performed to confirm the overexpression of S1PR2 and the downregulation of S1PR2 by miR-451a mimics in TPC-1 cells (Figure 6F). CCK-8, EdU, Transwell invasion and migration assay indicated that S1PR2 reversed the inhibition effects of miR-451a on cell proliferation, migration, and invasion in TPC-1 (Figures 6G,I,J) and IHH-4 (Figure 6H; Supplementary Figure S3) cells, indicating that the effects of miR-451a on thyroid cancer cell proliferation, migration, and invasion depended on S1PR2 suppression.
[image: Figure 6]FIGURE 6 | miR-451a inhibited the proliferation, migration, and invasion of PTC cells by targeting S1PR2. (A) Green fluorescent showing the successful transfection of S1PR2 overexpression vectors in TPC-1 and IHH-4 cells (scale bar = 200 um). (B) The efficacy of miR-451a mimics was reconfirmed in TPC-1 cell with the transfection of S1PR2 vectors and NC vectors (n = 3). (C) The expression of S1PR2 in TPC-1 cell with the transfection of S1PR2 vectors miR-451a mimics (n = 3). (D) The efficacy of miR-451a mimics was reconfirmed in IHH-4 cell with the transfection of S1PR2 vectors and NC vectors (n = 3). (E) The expression of S1PR2 in IHH-4 cell with the transfection of S1PR2 vectors miR-451a mimics (n = 3). (F) The expression of S1PR2 protein in transfected TPC-1 cell by western blot assay. (G) CCK8 assay to assess the influence of miR-451a and S1PR2 on TPC-1 cell (n = 3). (H) CCK8 assay to assess the influence of miR-451a and S1PR2 on IHH-4 cell (n = 3). (I) EdU assay of the cell proliferation ability in TPC-1 cell transfected with miR-451a mimics and S1PR2 vectors (scale bar = 100 um, n = 3). (J) Transwell invasion and migration assay in transfected TPC-1 cell (scale bar = 100 um, n = 3). (K) The expression of AKT, p-AKT proteins in transfected TPC-1 cell by western blot assay.*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
To explore the potential pathway that circSSU72/miR451a/S1PR2 axis is involved in, the phosphorylation level of AKT was further investigated by western blot assay. And the results showed that the AKT pathway was activated by circSSU72/miR451a/S1PR2 axis (Figure 6K).
DISCUSSION
In this study, we comprehensively investigated the role of circRNAs derived from SSU72 in PTC, and further explored the mechanisms of circSSU72. We firstly found that circSSU72 (hsa_circ_0009294)/miR-451a/S1PR2 axis could regulate cell proliferation, migration, and invasion of PTC cells by the AKT pathway, which could serve as a novel therapeutic target in PTC.
The majority of circRNAs derive from the exons of protein-coding genes through back-splicing, while some circRNAs contain introns. (Starke et al., 2015) When spliceosomes or canonical pre-mRNA processing events are dysregulated, circRNAs may be the preferred output gene type. (Liang et al., 2017) Many studies have indicated that circRNAs are involved in the initiation and progression of multiple systematic diseases, cancers, etc., including thyroid cancer. (Xia et al., 2021) Since 2018, many circRNAs were found to be associated with the proliferation, migration, and invasion of thyroid cancer cells. (Chen et al., 2018; Cai et al., 2019) Recently, circTP53 was found to promote thyroid cancer cell proliferation by targeting miR-1233–3p/MDM2 axis. (Ma et al., 2021) Meanwhile, circRNA_102002 was found to facilitate metastasis of papillary thyroid cancer through regulating the miR-488–3p/HAS2 axis. To our knowledge, this was the first study reporting the role of circSSU72 (hsa_circ_0009294) in the development of thyroid cancer.
miRNAs are well-studied rich ncRNAs without coding protein. miR-451a was found to be a tumor suppressor in lung cancer, (Shen et al., 2018) colorectal cancer, (Xu et al., 2019) and prostate cancer. (Liu et al., 2020) In thyroid cancer, it has also been reported that miR-451a inhibited cell proliferation, migration, and invasion. Fan et al. reported that miR-451a could inhibit proliferation, epithelial-mesenchymal transition, and induce apoptosis in PTC cells. (Fan and Zhao, 2019) Moreover, Wang et al. also reported that miR-451a restrained the growth and metastatic phenotypes of PTC cells through targeting ZEB1. (Wang et al., 2020) In this study, we confirmed the tumor-suppressive role of miR-451a in PTC cell proliferation, migration, and invasion. Moreover, we also found that miR-451 might function through regulating S1PR2.
S1PRs are G protein-coupled receptors, which regulate various functions, including cell survival and growth, migration, and cytoskeleton organization. (Aarthi et al., 2011) S1PR2 is located on the plasma membrane and in the cytoplasm of mammalian cells, and couples to members of the Gi, Gq, and G12/13 families. (Yu, 2021) Furthermore, S1PR2 was reported to be associated with various cancers. Yin et al. reported that S1PR2 was involved in the growth of hepatocellular carcinoma cells, (Yin et al., 2018) while Pang et al. demonstrated that the knockdown of S1PR2 might contribute to the initial extramedullary translocation by promoting myeloma cell migration and invasion through NF-κB pathway activation. (Pang et al., 2020) More recently, S1PR2 was reported to contribute to the growth of hepatocellular carcinoma through the AKT pathway. (Yin et al., 2018) In the present study, we firstly found that over-expressing S1PR2 might promote the abilities of proliferation, migration, and invasion of PTC cells.
Different behaviors were shown in the mechanism mediated by miR-451a between IHH-4 cells and TPC-1 cells. Although the miR-451a/S1PR2 axis was universal in these PTC cell lines, the BRAF gene mutation may cause the different behaviors since the IHH-4 involves BRAF gene mutation while the TPC-1 do not. Future studies should focus on the associations between the mechanisms mediated by miR-451a and BRAF gene mutation.
This was a pre-clinical study with certainly some limitations. A large cohort of thyroid cancer patients is needed to validate the expression pattern of circSSU72. Meanwhile, the relationships between the circSSU72 and its parental mRNA SSU72 should be comprehensively investigated in future studies. Lastly, in vivo studies will be performed in the near future to prompt the translation from experimental discoveries to clinical practices of circSSU72-related therapies.
CONCLUSION
The expression of circSSU72 (hsa_circ_0009294) increases in PTC. The inhibition of circSSU72 is shown to suppress cell proliferation, migration, and invasion of PTC cells by regulating the miR-451a/S1PR2 axis. The circSSU72/miR-451a/S1PR2 axis may regulate cell proliferation, migration, and invasion of PTC.
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Gene Sequence (5'-3')

ssu72 Forward CGACAAGCCCAATGTTTATGAT

Reverse ATCAAACAGGTCTTTGCAGTTC
circ_0009293 Forward CAGATGCTGCTGTCAATCCA

Reverse TGGGCTCAGTAGAAGCAGAC
circ_0009294 Forward GTGTGCACTTCCCGACATAC

Reverse GGAATTCAGATTGACAGCAGCA
circ_0009296 Forward GTGTGCACTTCCCGACATAC

Reverse TGTGTATAGTGACAGCAGCATC
circ_0009296 Forward GTGTGCACTTCCCGACATAC

Reverse GAATCCCCGTTTGTGACAGC
circ_0009297 Forward GTGTGCACTTCCCGACATAC

Reverse AGACCCGCACTCCACAAG
miR-361-3p Forward GCTCCCCCAGGTGTGATTC

Reverse GTGCAGGGTCCGAGGT

RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAATCA
miR-451a Forward ‘GCGCAAACCGTTACCATTAC

Reverse GTGCAGGGTCCGAGGT

RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTCA
S1PR2 Forward CATCCTCCTTCTGGACTATGC

Reverse GTGTAGATGACGGGGTTGAG
MIF Forward GAACAACTCCACCTTCGCCTAAGAG

Reverse TCTAAACCGTTTATTTCTCCCCACCAG
PSMB8 Forward CTTTAGATGACACGACCCTACC

Reverse CAATCTGAACGTTCCTTTCTCC
CAB39 Forward TGAGGCCTTTCACGTTTTTAAG

Reverse GGTTCTTGAGGAGGATGTCTAG
beta-actin Forward CCTGGCACCCAGCACAAT

Reverse GGGCCGGACTCGTCATAC
us Forward CTCGCTTCGGCAGCACA

Reverse AACGCTTCACGAATTTGCGT

RT. reverse transcription.
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