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Glioblastoma (GBM) is the most malignant glioma in brain tumors with low survival and high recurrence rate. Irigenin, as an isoflavone compound extracted from Shegan, has shown many pharmacological functions such as antioxidant, anti-inflammatory and anti-tumor. However, the effects of irigenin on GBM cells and the related molecular mechanisms remain unexplored. In this study, we found that irigenin inhibited the proliferation of GBM cells in a dose-dependent manner by several assays in vitro. Subsequently, we found that irigenin arrested cell cycle at G2/M phase and induced apoptosis of GBM cells in vitro. In addition, irigenin inhibited the migration of GBM cells. Mechanically, we found that irigenin treatment decreased the expression of YAP (yes-associated protein), suppressed β-catenin signaling. Furthermore, overexpression of YAP partially restored the anti-tumor effects of irigenin on GBM cells in vitro. Finally, we found that irigenin inhibited the growth of tumor in GBM xenograft mice model through inactivation of YAP. Taken together, these results suggest that irigenin exerts its anticancer effects on GBM via inhibiting YAP/β-catenin signaling, which may provide a new strategy for the treatment of GBM.
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1 INTRODUCTION
Glioblastoma (GBM), the most common primary malignant tumor in the brain, is extremely aggressive and in various forms with a dismal prognosis, and most patients die within 1 year after diagnosis (Miller and Perry, 2007). Primary GBM may reappear from the beginning without clinical, radiological or histopathological evidence of a less malignant precursor lesion, generally affecting the elderly. In contrast, secondary GBM may develop from a low-grade tumor and develop over time, usually in young patients (Ohgaki and Kleihues, 2013). At present, the understanding of GBM is still very limited. Treatments are also limited due to blood-brain barrier (BBB) and suppression of the immune system. A combination of multiple methods including surgery, radiation and chemotherapy usually required for the patients, even so, without much benefit. TMZ, as a first-line chemotherapy drug for GBM, which is always found to be resistant after treatment, and the high recurrence rate also makes the curative effect very limited (Stupp et al., 2005; Fernandes et al., 2017; Osuka and Van Meir, 2017). Therefore, exploring drugs with good efficacy and low toxicity to treat GBM will be urgent to improve patients’ survival and prognosis.
Belamcanda chinensis (L.) is a common Chinese medicinal material. Isoflavone compounds, including irigenin, are important medicinal ingredients in this plant (Ito et al., 2001). Current studies have revealed that irigenin not only shows the effects of antioxidative and anti-inflammatory, but also has anti-tumor activity (Woźniak and Matkowski, 2015; Guo et al., 2020) including inhibition of cancer cell metastasis (Amin et al., 2016), promotion of cell apoptosis (Xu et al., 2018), cell cycle arrest (Xu et al., 2021), autophagy (Zhan et al., 2021) and extracellular matrix degradation (Zhang et al., 2021). These antitumor effects of irigenin are associated with the modulation of various signaling pathways. For example, irigenin has been proved to inhibit the development of human colon cancer by suppressing of ERK/MAPK signal pathway (Zhan et al., 2021). Similar anti-cancer effects focused on apoptosis in the most of these studies (Xu et al., 2018; Xu et al., 2021). However, the function of irigenin in GBM remains unclear.
In mammals, the hippo pathway is a kinase cascade reaction from Mst1/2 to YAP and its paralog TAZ. Dysregulation of the hippo pathway has been observed in various cancers. Yes-associated protein (YAP), as a co-activator of TEAD/TEF family transcription factors, is a highly conserved component of the hippo pathway, induces gene expression, oncogenic transformation and epithelial-mesenchymal transition, and regulates cell proliferation, apoptosis and organ growth (Harvey et al., 2013; Yu et al., 2015). There is considerable evidence showing that YAP plays an important role in malignant tumor formation and all cancers have YAPon or YAPoff, where the cells growing against the wall are YAPon and the cells floating are YAPoff (Zhao et al., 2021). In addition, hyperactivation of YAP promotes glioma growth with a worse prognosis (Orr et al., 2011; Zhang et al., 2018; Pearson et al., 2021). However, it remains unclear whether irigenin affects the growth of GBM through YAP signaling.
In this study, we focused on the effects of irigenin on GBM cells and the underlying signaling pathway, and found that irigenin inhibited the proliferation and migration of GBM cells, caused cell cycle arrest at G2/M phase, and induced apoptosis of GBM cells, and finally found that irigenin inhibited the progression of GBM both in vitro and in vivo through suppressing YAP/β-catenin pathway. These results suggest that irigenin might be an effective therapeutic agent and YAP/β-catenin pathway could be a potential therapeutic target for the treatment of GBM.
2 RESULTS
2.1 Anti-proliferative activity of irigenin in glioblastoma cells
To observe the cytotoxic and inhibitory effects of irigenin on GBM cells, DBTRG and C6 cells (GBM cell lines) were treated with different concentrations of irigenin for 24 h and 48 h respectively. The CCK-8 assay showed that irigenin reduced cell viability in a time- and dose-dependent manner with strong anti-proliferative effects of GBM cells. Irigenin effectively inhibited the proliferation of GBM cells with IC50 at about 50 μM (Figures 1A,B). Meanwhile, as shown in Figure 1C, CCK-8 assay showed that irigenin has no significant toxic effect on astrocytes, suggesting that irigenin might have specific toxic effects on GBM cell, but not the noncancerous normal cells such as astrocytes. We next performed a two-dimensional colony formation assay in both cell lines (Figure 1D). As expected, irigenin significantly decreased the colony numbers of DBTRG and C6 cells, compared with that in the control treatment (Figures 1E,F). Furthermore, to further confirm the anti-proliferative effect of irigenin on DBTRG and C6 cells, phosphorylated histone H3 (Phospho-Histone 3, PH3) staining, which is marked in cells during mitosis, was used to detect the proliferation rate of cells. The results showed that irigenin significantly reduced the percentage of PH3+ cells in both DBTRG and C6 cells treated with irigenin (Figures 1G–I). Taken together, these results suggested that irigenin inhibits the proliferative activity of GBM cells.
[image: Figure 1]FIGURE 1 | Irigenin inhibited the proliferation of GBM cells. (A–C) The IC50 of irigenin (IR) was measured by CCK-8 in DBTRG cells (A), C6 cells (B) and astrocytes (C) (n = 3, per group, normalized to the control group). The DBTRG cells, C6 cells and astrocytes were seeded in 96-well plates at 4×103/well and treated with different concentrations (0, 10, 25, 50, 75, 100 μM) for 24 h or 48 h for CCK-8 assay. (D) The Colony formation assay showed the anti-proliferative activity of 50 μM IR in DBTRG and C6 cells. (E–F) Quantification of the clone numbers in DBTRG cells (D) and C6 cells (E), as shown in (C) (n = 3, per group). (G) Immunofluorescent staining of PH3 (red) in DBTRG and C6 cells treated with 40 μM IR for 24 h (H–I) Quantitative analysis of the percentage of PH3+ cells over total DBTRG cells (H) and C6 cells (I) in one field shown in (G) (n = 13, per group). Scale bar, 2 mm in figure (D) and 20 μm in figure (G). Data were shown mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control group. #p < 0.05, ###p < 0.001, compared with 48 h control group.
2.2 Irigenin triggered glioblastoma cell cycle arrest at G2/M
To further determine whether the growth inhibition of irigenin is related to cell cycle arrest, flow cytometric assay was performed. As shown in Figures 2A–C, the proportion of GBM cells treated with irigenin significantly increased at G2/M phase, compared with the control group. It is known that Cyclin B1 activates and forms a complex with CDKs, also known as CDC2 (cell division cycle), which promotes the transition of cells to the G2/M phase (Park et al., 2000). As expected, cell cycle G2/M phase-related proteins, such as Cyclin B1 was markedly decreased (Figures 2D,E, Supplementary Figure S2A–B). Taken together, these results suggested that irigenin treatment may inhibit the proliferation of GBM cells by inducing G2/M cell cycle arrest.
[image: Figure 2]FIGURE 2 | Irigenin promoted cell cycle arrest at G2/M of GBM cells. (A) Flow cytometry assay with PI staining showed the percentage of each cell phase in DBTRG and C6 cells treated with 50 μM IR for 24 h (B–C) Quantification of cell cycle percentage in DBTRG cells (B) and C6 cells (C) as shown in (A) (n = 3, per group). (D) Western blot detected the expression of Cyclin B1 in DBTRG cells treated with 50 μM IR. (E) Quantification of the relative CyclinB1 level as shown in (D) (n = 3, per group, normalized to control). Data were shown as mean ± SEM. *p < 0.05, ***p < 0.001, compared with control treatment.
2.3 Irigenin induced apoptosis of glioblastoma cells
To determine whether the growth inhibition of irigenin is related to the induce of apoptosis, the effect on the apoptosis of irigenin was evaluated by Annexin V-FITC dual staining assay performed by flow cytometry in irigenin-treated and untreated GBM cells (Figure 3A). As shown in Figures 3A–C, the percentages of apoptotic cells in DBTRG and C6 cells treated with irigenin were significantly increased by about 10% and 16%, respectively. While there is no difference in the percentage of mechanically injured cells (Supplementary Figure S1K,L), the number of living cells decreased significantly (Supplementary Figure S1I,J). Immunostaining further confirmed that cleaved-Caspase 3+ cells were significantly increased in irigenin-treated DBTRG and C6 cells (Figures 3D–F). Propidium iodide (PI) staining further showed that the percentage of PI+ cells had a 5.5- and 2.1-fold increase both in DBTRG and C6 cells treated with irigenin for 24 h, respectively (Figures 3G–I). Furthermore, western blotting revealed that the expression levels of pro-apoptosis-related proteins cleaved-Caspase 3 and Bax were increased, whereas, the anti-apoptosis-related proteins Bcl-2 was decreased in irigenin-treated DBTRG and C6 cells (Figure 3J–M, Supplementary Figure S2C–F). These results suggested that irigenin can induce apoptosis of GBM cells.
[image: Figure 3]FIGURE 3 | Irigenin induced the apoptosis of GBM cells. (A) Flow cytometry was performed to evaluate the apoptotic ratio in DBTRG and C6 cells treated with 50 μM IR and the control. (B–C) Quantification of the percentage of apoptotic cells in DBTRG (B) and C6 cells (C) (n = 3, per group). (D) Immunostaining analysis of cleaved-Caspase 3 (green) in DBTRG and C6 cells treated with 40 μM IR for 24 h (E–F) Quantitative analysis of the percentage of cleaved-Caspase 3-positive cells over total DBTRG (E) and C6 (F) cells in one field as shown in (D) (n = 13, per group). (G) Propidium iodide (PI) staining of DBTRG cells and C6 cells treated with 50 μM IR for 24 h (H–I) Quantitative analysis of the percentage of PI+ cells over total DBTRG (H) and C6 (I) cells as shown in (G) (n = 16, per group). (J) Western blot detected the expression of Bcl-2, Bax and cleaved-Caspase 3 in DBTRG cells treated with IR. (K–M) Quantification of the relative Bcl-2 (K), Bax (L), and cleaved-Caspase 3 (M) level as shown in (J) (n = 3, per group, normalized to control). Scale bars, 20 μm in figure (D) and 50 μm in figure (G). Data were shown as mean ± SEM. *p < 0.05, ***p < 0.001, compared with control treatment.
2.4 Irigenin suppressed the migration of glioblastoma cells
To investigate whether irigenin can inhibit the migration of GBM cells, a wound-healing assay was performed. As shown in Figures 4A–C, irigenin treatment significantly reduced the migration of DBTRG and C6 cells after 24 h in wound healing assay. Subsequent transwell migration assay further confirmed the inhibitive effect of irigenin on GBM cell migration. Compared with the control group, irigenin treatment resulted in fewer GBM cell migration and invasion into the membrane matrix (Figures 4D–F). Consistent with these findings, we found that the mRNA expression of matrix metalloproteinase (MMP)-2 and MMP-9, which are thought to promote cancer invasion and metastasis (Zhang et al., 2017), were also significantly reduced as measured by real-time PCR analysis (Figures 4G,H). Taken together, these results suggested that irigenin can inhibit the migration of GBM cells, which may be through downregulation of MMP-2 and MMP-9 signaling.
[image: Figure 4]FIGURE 4 | Irigenin suppressed the migration of GBM cells. (A) Typical images of DBTRG and C6 cells treated with 50 μM IR for 24 h in wound healing assay. (B–C) Quantification of wound healing index in DBTRG cells (B) and C6 cells (C) as shown in (A) (n = 16, per group). (D) Typical images of DBTRG and C6 cells treated with 50 μM IR for 24 h in transwell invasive assay. (E–F) Quantification of the number of migrated DBTRG (E) (n = 11, per group) and C6 (F) cells (n = 16, per group) as shown in (D). (G–H) qPCR analysis results of MMP-2 mRNA levels (G) and MMP-9 mRNA levels (H) in DBTRG cells treated with or without IR (n = 3, per group). Scale bars, 100 μm. Data were shown as mean ± SEM. *p < 0.05, ***p < 0.001, compared with control treatment.
2.5 Irigenin inhibited the growth of glioblastoma through suppressing YAP/β-catenin signaling pathway
Since YAP protein plays an important role in glioma (Orr et al., 2011; Harvey et al., 2013; Zhang et al., 2018; Ouyang et al., 2020), we then examined whether irigenin inhibited growth of GBM cells through suppressing YAP signaling. We detected the expression of YAP by immunostaining experiments, and found that irigenin treatment decreased the mean fluorescence intensity of nuclear YAP (Figures 5A–C). Western blotting further showed the relative protein level of p-YAP/YAP was increased in these irigenin-treated GBM cells (Figures 5D,F; Supplementary Figure S2G, J,K), similarly, the relative level of upstream regulatory protein p-MOB1/MOB1 was also increased (Figures 5D,E; Supplementary Figure S2G–I). In addition, studies have shown that YAP1 can inhibit the activity of GSK3β, regulate the subcellular location and increase transcriptional activity of β-catenin to promote the proliferation of GBM cells (Wang et al., 2017). Next, we examined the mean fluorescence intensity of β-catenin in the control and irigenin treated cells, and found that irigenin treatment attenuated the mean fluorescence intensity of β-catenin (Figures 6A–C). Western blotting results also showed that the expression of β-catenin was down-regulated after irigenin treatment (Figures 6D,E and Supplementary Figure S2L,M). High expression of Cyclin D1 is thought to be associated with poor prognosis. Overexpressed Cyclin D1 promotes GBM proliferation, resulting in increased cell proliferation and enhanced invasive and migratory abilities (Zhao et al., 2010; Cemeli et al., 2019). As expected, we found that irigenin treatment resulted in decreased expression of Cyclin D1 (Figures 6D,F; Supplementary Figure S2L,N). These results suggested that irigenin inhibited the activity of YAP/β-catenin signaling pathway. To further confirm our results, overexpression of YAP in C6 cells was performed to investigate whether it could rescue irigenin-induced inhibition of cell proliferation, migration and apoptosis. Consistently, the results showed that overexpression of YAP indeed partially restored the decreased cell viability and slowed proliferation (Figures 7A–C), and inhibition of migration (Figures 7D–G), caused by irigenin. Meanwhile, western blotting showed that the overexpression of YAP could reverse the down-regulation of β-catenin in C6 cells by irigenin (Figures 7H–J). Taken together, these results suggested that irigenin inhibited the progression of GBM cells by inhibiting the activity of the YAP/β-catenin signaling pathway.
[image: Figure 5]FIGURE 5 | Irigenin downregulated YAP signaling in GBM cells. (A) Immunostaining of YAP in DBTRG and C6 cells treated with 40 μM IR. (B–C) Quantification of the intensity of YAP in DBTRG cells (B) and C6 cells (C) as shown in (A) (n = 16, per group). (D) Western blot detected the expression of p-MOB1/MOB1 and p-YAP/YAP in DBTRG cells treated with 50 μM IR. (E–F) Quantification of the relative level of p-MOB1/MOB1 (E) and p-YAP/YAP (F) as shown in (D) (n = 3 per group, normalized to control). Scale bars, 20 μm. Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control treatment.
[image: Figure 6]FIGURE 6 | Irigenin downregulated the β-catenin signaling pathway in GBM cells. (A) Immunostaining of β-catenin in DBTRG and C6 cells treated with 40 μM IR. (B–C) Quantification of the intensity of β-catenin in DBTRG cells (B) and C6 cells (C) as shown in (A) (n = 10, per group). (D) Western blot detected the expression of β-catenin and Cyclin D1 in DBTRG cells treated with 50 μM IR. (E–F) Quantification of the relative level of β-catenin (E), and Cyclin D1 (F) as shown in (D), (n = 3 per group, normalized to control). Scale bars, 20 μm. Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control treatment.
[image: Figure 7]FIGURE 7 | Overexpression of YAP partially rescued cell viability and proliferation inhibited by irigenin. (A) The cell viability by CCK-8 in C6 cells transfected with GFPN1 or GFP-YAP for 48 h and then treated with 50 μM IR and the control (n = 3, per group). (B) Immunostaining of PH3 (red) in C6 cells was transiently transfected with GFPN1 or GFP-YAP for 48 h and then treated with 40 μM IR. The white arrow indicated transfected with GFPN1 or GFP-YAP and PH3+ cells. (C) Quantitative analysis of the percentages of PH3+ cells over total C6 cells as shown in (B) (n = 10, per group). (D) Typical images of C6 cells transfected with GFPN1 or GFP-YAP then treated with 50 μM IR in a transwell assay. (E) Quantification of the number of migrated cells as shown in (D) (n = 8, per group). (F) Typical images of C6 cells transfected with GFPN1 or GFP-YAP when treated with 25 μM IR in wound healing assay. (G) Quantification of wound healing percentage as shown in (F) (n = 13, per group). (H) Western blot detected the expression of YAP and β-catenin in C6 cells transfected with GFPN1 or GFP-YAP and then treated with IR. (I–J) Quantification of the relative level of YAP (I) and β-catenin (J) as shown in (H) (n = 4/3 per group). Scale bars, 20 μm in Figure (B), 100 μm in Figure (D) and (F). Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control treatment.
2.6 Irigenin inhibited the growth of glioblastoma cells in vivo
Based on the aforementioned results in vitro, we questioned whether irigenin also has anti-tumor effects in vivo. To confirm our hypothesis, we established an orthotopic transplantation model of GBM cells in nude mice. First, we injected C6 cells with the luciferase reporter gene into the striatum of BALB/c nude mice through a brain stereotaxic apparatus. After 7 d of modeling, the mice were randomly divided into two experimental groups: the control group (saline containing 10% DMSO) and the irigenin group (2 mg/ml) when the size and location of the tumor were observed by a three-dimensional bioluminescence imaging system in small animals. Mice were administrated with irigenin once a day and weighed. According to the bioluminescence fold change of C6- luciferase cells in nude mice brain, we found that compared with the control group, the treatment of irigenin significantly inhibited the growth of GBM. The fluorescence intensity value measured in the control group on the last day of administration was almost 2.2 times that of the administration group (Figures 8A–C). During the experiment, there was no significant difference in the body weight between the two groups of mice (Figure 8D). In addition, YAP and β-catenin in the administration group were significantly inhibited and cleaved-Caspase 3 was significantly activated in orthotopic model mice (Figure 8E), demonstrating that irigenin also inhibited YAP and β-catenin activities in vivo. Taken together, these results indicated that irigenin can inhibit GBM growth in vivo through inhibiting YAP/β-catenin pathway.
[image: Figure 8]FIGURE 8 | Irigenin inhibited tumorigenesis of GBM in vivo. (A) Bioluminescent imaging of disseminated C6-Luc orthotopic xenograft mice at different time points posttreatment with IR and the control group. (B) Fold change in the average radiance per mouse after normalization to the day 0 tumor burden as determined by bioluminescent imaging (n = 7 mice, per group). (C) Fold change in the average radiance per mouse at the experimental endpoint (day 19) for each treatment group (n = 7 mice, per group). (D) The body weight of the tumor-bearing mice was monitored every day (n = 5 mice, per group). (E) DAB staining of YAP, β-catenin and cleaved-Caspase 3 in GBM tumor of xenograft mice. Data were shown as mean ± SEM. *p < 0.05, **p < 0.01, compared with control treatment.
3 DISCUSSION
In this study, we provided evidences that irigenin inhibited the proliferation and migration of GBM cells, induced G2/M phase arrest, and regulated apoptosis-related signaling molecules to promote apoptosis by inhibiting YAP/β-catenin signaling, which suppressed the progress of GBM in vivo and in vitro progress as the working model shown (Figure 9). These findings indicated that irigenin may be an effective candidate for relieving GBM.
[image: Figure 9]FIGURE 9 | A working model of irigenin in GBM cells. Irigenin treatment inhibited the YAP/β-catenin pathway in GBM cells, which may result in inhibiting the tumorigenesis, including inhibition of cell proliferation, suppression of the migration, and induction of the apoptosis both in vitro and in vivo.
In fact, GBM is highly invasive and a whole-brain disease. One of the reasons for the failure of GBM therapy is that the BBB restricts the distribution of drugs in the brain. In recent years, many active ingredients of traditional Chinese medicine have made significant breakthroughs in the direction of anti-GBM, which achieved through various biological mechanisms to inhibit the occurrence of glioma (Shi et al., 2022; Wang et al., 2022). We obtained irigenin by screening on the TCMSP database (https://old.tcmsp-e.com/tcmsp.php), from which BBB value showed that it could penetrate the blood-brain barrier (Tattersall et al., 1975). It has shown that the extract of Iris (including irigenin) has a significantly better effect on the performance of AD rates in the probe test. These results suggested that irigenin can cross the BBB(Borhani et al., 2017). In mouse microglia BV-2 cells and human neuroblastoid SH-SY5Y cells, irigenin is able to resist MPP+-induced neurotoxicity and has neuroprotective effects (Guo et al., 2021). The potential role of irigenin as an anticancer drug in various tumor types is gradually being revealed. Irigenin can inhibit the metastasis of lung cancer cells by specifically and selectively blocking the α9β1 and α4β1 integrin binding sites on the C-C loop of the Extra Domain A (EDA) (Amin et al., 2016). In gastric cancer cells, irigenin sensitizes TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis by enhancing the expression of pro-apoptotic molecules in the cells, as evidenced by elevated expression of Bcl-2, Caspase-3, and Caspase-8, and in order to make TRAIL produce ROS(Xu et al., 2018). Consistent with these previous studies, our in vitro and in vivo results suggested that irigenin has great potential for the treatment of this malignant glioma, inhibiting GBM cell proliferation and migration, inducing G2/M phase arrest, and promoting cell proliferation with a concentration about 50 μM.
Recent studies have shown that the occurrence and development of glioma are related to the dysregulation of various molecular mechanisms. The onset of GBM is often accompanied by mutations in genes such as TP53, EGFR, VEGF, and PTEN (Plate et al., 1992; Pore et al., 2003; Hao and Guo, 2019). Molecular signaling pathways that are known to be well studied in the carcinogenesis and progression of glioma, including Hippo/YAP, Wnt/β-catenin, STAT and Notch pathways (Zhang et al., 2012; Swiatek-Machado and Kaminska, 2013; Yan et al., 2018; Ouyang et al., 2020; ). In this study, our data showed that irigenin could inhibit the nuclear localization and expression of YAP, reduced β-catenin accumulation and suppressed the expression of its downstream protein Cyclin D1 in GBM cells.
YAP is a potential oncogene in tumor and is associated with tumor progression. Overexpression of YAP1 induces cancer cells to transform into cancer stem cells, evading cell contact inhibition, thereby enhancing their ability to invade, migrate, and proliferate (Zhao et al., 2007; Yang et al., 2013). Orr et al. found that a high level of YAP1 mRNA correlates with an aggressive molecular subset of GBM(Verhaak et al., 2010; Orr et al., 2011). In addition, the nuclear localization of YAP1 was increased in various cancer tissues and the regulation of YAP1 translocation between the cytoplasm and nucleus is a key step in hippo signaling, which is critical for physiological cell proliferation, organ size and tumor development (Huang et al., 2005; Zeng and Hong, 2008; Vlug et al., 2013; Fang et al., 2018). Furthermore, our study found that the viability of GBM cells was enhanced after YAP overexpression. This confirmed that YAP has an important role in the occurrence and maintenance of GBM, which is consistent with previous studies that YAP is able to exert its GBM-promoting ability in vivo and in vitro (Xu et al., 2010; Liu et al., 2019; ). In recent years, there have been reported crosstalk between YAP and Wnt/β-catenin signaling pathways (Orr et al., 2011; Rosenbluh et al., 2012; Park et al., 2015; Wang et al., 2017; ). β-catenin is a key downstream effector in the canonical Wnt signaling pathway, which can promote tumorigenesis and development. The β-catenin destruction complex (including GSK-3β, APC and axin) is central to the Wnt pathway. Rosenbluh et al. (Rosenbluh et al., 2012) found that in tumor cells, activated β-catenin-driven tumorigenesis is dependent on YAP1. In these tumor cells, YAP1 forms a complex with TBX5 (T-box 5, a transcription factor). When YAP1 is phosphorylated by YES1, this complex enters the nucleus and localizes to the promoters of anti-apoptotic genes, driving cancer transformation and survival. Inhibition of YAP1 phosphorylation using small-molecule inhibitors reduces tumor apoptotic capacity. Several previous studies have shown the interaction of YAP1 with β-catenin. Quinn et al. have shown that YAP and β-catenin cooperate in basal breast cancer, and immunofluorescence showed that YAP and β-catenin are colocalized in the nuclei of Wnt-Met spheres and tumors. Active YAP coimmunoprecipitated with β-cateninGOF in Wnt-Met spheres. Thus, YAP and β-catenin interact in both the cytoplasm and nucleus (Quinn et al., 2021). The study of Pan et al. (2018) also has shown that β-catenin was detected in the anti-YAP, more YAP-associated β-catenin was detected in the lysates of nuclear fractions. These results thus support the view for YAP interacting with and β-catenin protein. Liu et al. (2020) found that there is a positive feedback loop between YAP and β-catenin. Wang et al. (2017) found that YAP can promote the nuclear translocation and transcriptional activity of β-catenin, indicating that YAP acts as a promoter of β-catenin rather than an inhibitor in glioma. Tang et al. (2019) demonstrated that β-catenin was significantly reduced after YAP downregulation treatment in laryngeal cancer cells. To explore the potential role in this signaling pathway, the expression levels of YAP1 and β-catenin (CTNNB1) in normal brain and GBM tissues were investigated according to the REMBRANDT database and TCGA database. As shown in Supplementary Figure S1A–D, the expressions of YAP1 and β-catenin were significantly different. According to the survival analysis based on the TGGA database, there was no correlation between YAP1 and β-catenin mRNA expression and the survival probability of GBM (Supplementary Figure S1E––G). However, the survival analysis based on the REMBRANDT revealed a correlation between YAP1 mRNA expression and the survival probability of GBM (Supplementary Figure S1F). The survival probability of GBM patients with higher YAP1 expression was significantly shorter, thus YAP1 may serve as an effective target for anticancer therapy of GBM. Our study showed that YAP overexpression partially reversed the inhibitory effect of irigenin on β-catenin protein, which indicated that irigenin acting on YAP/β-catenin can inhibit the progression of GBM, but whether it acted immediately or occurred through the modulation of YAP needs further study. In addition, we also note that irigenin can induce autophagy, which can inhibit the growth and proliferation of GBM. Irigenin causes the formation of autophagosomes in a dose-dependent manner in Coca-2 cells, and upregulates the protein expression of autophagy regulators such as Beclin-1, LC3-I, and LC3-II in a dose-dependent manner (Zhan et al., 2021). This is also the research direction that we are interested in the future, further studies are needed to fully elucidate the specific mechanisms underlying the role of irigenin in GBM progression.
In conclusion, firstly, our findings demonstrate that irigenin has anti-tumor effects on GBM cells, including inhibiting the proliferation and migration of GBM cells, triggering cell cycle arrest at the G2/M phase, and inducing cell apoptosis in vitro. Secondly, irigenin is effective in suppressing in vivo tumorigenesis. Thirdly, irigenin inhibits the GBM progress by down-regulated the YAP/β-catenin signaling. In a word, irigenin has the potential to be developed as a valid therapeutic target for GBM.
4 MATERIALS AND METHODS
4.1 Drugs
Irigenin (>98%) (Cas# 548–76-5) was purchased from Wuhan Zhongchang Guoyan Standard Technology Corporation. (Wuhan, China). A stock solution of 50 mM was prepared in DMSO and stored at −20°C.
4.2 cDNA constructs
GFP-YAP was amplified by PCR (forward primer: 5′-CGG​AAT​TCG​CCA​CCA​TGG​ATC​CCG​GGC​AGC​AG-3′, reversed primer: 5′-GGC​ACC​GGT​ACT​AAC​CAT​GTA​AGA​AAG​C-3′), cut by EcoRI and AgeI, inserted into eGFP-N1 vector, and verified by sequencing.
4.3 Cell culture and transfection
Glioma cell lines C6, DBTRG were kindly supplied by Prof. Maojin Yao (Sun Yat-Sen University). All cells were cultured in DMEM (Gibco) containing 10% FBS (Quacell), 1% penicillin/streptomycin (Gibco) and aseptically grown at 37°C in a humidified incubator containing 5% CO2. Using Lipofectamine™ 3000 Transfection Reagent (L3000-015, Invitrogen), the plasmids were transfected in C6 cells as the manufacturer’s direction. 48 h after transfection, cells were collected for subsequent experiments.
4.4 Cell proliferation assay
Cell viability was measured using the Cell Counting Kit-8 (CCK-8) cell counting kit (BGT-010, Biomedical Technology). Cells were resuspended, counted, and plated at approximately 4,000 cells/well in a 96-well plate, treated with increasing concentrations of irigenin (0, 10, 25, 50, 75, 100 μM) for up to 72 h. Subsequently, 10 μL of CCK-8 solution was added to each well, and the culture was continued for 2 h. The optical density of cells was measured at a wavelength of 450 nm using a microplate reader (Multiskan FC, T hermo Scientific, United States).
4.5 Colony-formation assays
DBTRG and C6 cells were seeded into 6-well plates at 1, 000 cells/well, then cells were treated with 50 μM irigenin after 24 h, and the cells were cultured in a 5% CO2 incubator at 37°C for 7 d. After washing once with 0.01 M PBS, the cells were fixed with 4% paraformaldehyde for 30 min, stained with crystal violet for 30 min and finally washed several times with PBS. Images were collected using a scanner (HP Laser MFP 131 133 135–138).
4.6 Transwell and wound-healing assays
For the Transwell assay, cells (2×104 cells/200 μL) were placed in the upper chamber of Transwell (Corning) in serum-free medium for 36 h with 50 μM irigenin or DMSO, and then the cells were fixed and stained, and photographed and recorded using an upright fluorescence microscope (Ci-S, Nikon, Japan).
For wound healing assay, when the cell density was close to 100%, a single layer of cells was scraped with a sterile plastic tip to form a wound, and the wound gap at 0 h was recorded. Cells were then cultured in serum-free medium for 24 h with 40 μM irigenin or DMSO and photographed for recording. The reduced extent of the wound gap was calculated using Image J software.
4.7 Flow cytometry analysis of cell cycle and apoptosis
For cell cycle analysis, 1×106 cells were collected, the cells were centrifuged after trypsinization, and washed twice with cold PBS. Following the manufacturer’s recommendations, the pelleted cells were resuspended with 500 μL DNA staining solution and 5 μL Permeabilization (Cell Cycle Staining Kit, Multi Sciences, CCS012), vortexed for 5 s, and incubated at 37°C for 30 min. DNA histograms were detected on samples using a flow cytometer (CytoFLEX S, Beckman Coulter, United States), and cell cycle distribution was analyzed using FlowJo software.
For apoptosis analysis, 1×106 cells were collected, the cells were centrifuged after trypsinization, and washed twice with cold PBS. According to the manufacturer’s recommendations, the pelleted cells were resuspended in 500 μL Binding Buffer, and 3.5 μL FITC and 5 μL PI staining solution (Annexin V-FITC/PI apoptosis kit; Multi Sciences, AP101) were added for mixing and staining, followed by incubation under light for 5 min. Finally, it was determined by flow cytometry. The percentage of apoptotic cells was analyzed using FlowJo software.
4.8 Detection of apoptosis via PI staining
Glioblastoma cells were seeded in 6-well plates with 50 μM irigenin or DMSO at an appropriate density and cultured overnight. Cells were treated with a certain concentration of irigenin for 24 h. According to the instructions of the PI staining kit (Propidium Iodide, Beyotime, ST511), the working solution was prepared at 10 mg/mL, and the cells were treated with a concentration of 0.01 μg/μL. After incubation in the dark for 10 min, cells were observed and photographed with an inverted fluorescence microscope (Olympus, Japan).
4.9 GlioVis analysis
Glioma expression data from TCGA and REMBRANDT datasets were analyzed through the GlioVis portal (http://gliovis.bioinfo.cnio.es), a web-based program for visualizing and analyzing brain tumor expression datasets. In our work, we used GlioVis to analyze the differences in YAP1 and CTNNB1 mRNA expression levels in the normal group versus GBM, and also to analyze them for survival.
4.10 Western blotting
Glioblastoma cells were lysed by pre-cooled RIPA lysis buffer (P0013B; Beyotime) with protein inhibitors, lysed by sonication, and lysed on ice for 30 min. Following centrifugation at 13 000 × g for 15 min at 4°C. Protein was quantified with the BCA quantification kit, extracted with loading buffer, and boiled at 100°C for 10 min. Protein samples were subsequently separated using 8%∼12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Life Sciences), blocked in TBST containing 5% skim milk for 1 h, immunoblots were incubated with primary antibodies, rabbit anti-YAP (1:1, 000, #14074, CST), rabbit anti-p-YAP (1:1, 000, #4911, CST), rabbit anti-p-MOB1 (1:500, 8699, CST), rabbit anti-MOB1 (1:500, 13730, CST), rabbit anti-β-catenin (1:500, 8480S, CST), rabbit anti-cleaved-Caspase 3 (1:1, 000, #9661, CST), rabbit anti-Cyclin B1 (1:1, 000, 1508–1, Huabio), rabbit anti-Cyclin D1 (1:1, 000, #1601–31, Huabio), rabbit anti-Bcl-2 (1:1, 000, #3498T, CST), rabbit anti-Bax (1:1, 000, ET1603-34, Huabio), rabbit anti-GAPDH (1:1, 000, 5174S, CST), and rabbit anti-β-actin (1:1, 000, 7283, Huabio) overnight at 4°C, membranes were washed three times with TBST, and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h. After washing the membrane three times with TBST, blots were detected using the ECL detection kit (BGT-007/009, Biomedical Technology) on a GelView 6000Plus intelligent image workstation (Guangzhou Boluteng Biotechnology Co., Ltd.), and analyzed using ImageJ.
4.11 Immunofluorescent staining
Cells were seeded at 30, 000 cells/well in a 12-well plate with cell coverslips. The cells were treated with 50 μM irigenin or DMSO. When the cells grew to an appropriate density, the medium was changed and a certain volume of irigenin and control solvent was added, and the culture was continued for 24 h. The cells were rinsed once with PBS, fixed with 4% paraformaldehyde for 20 min, and then washed with PBS three times for 5 min each. After that, they were blocked and permeabilized with 0.1% Triton X-100 in PBS containing 5% bovine serum albumin (BSA) at room temperature for 1 h. Subsequently, cells were incubated with primary antibody overnight at 4°C, washed with PBS three times for 5 min each, and incubated with secondary antibody for 1 h at room temperature. After rinsing three more times with PBS, coverslips were mounted the slides with an anti-fluorescence decay mounting medium (S2100, Solarbio). Images were acquired by confocal (Olympus, Japan) and ImageJ software was used for analysis. The tissue sections were placed at room temperature, dried for 5∼10 min, and then processed in a 60°C oven for about 30 min for antigen retrieval (2% sodium citrate solution at 92°C for 30 min). After cooling to room temperature, they were washed three times with PBS for 5 min each time. After blocked with blocking solution (5% BSA +0.3% Triton) for 1 h, Subsequently, issue sections were incubated with primary antibody overnight at 4°C, including rabbit anti-YAP (1:500, #14074, CST), rabbit anti-cleaved-Caspase 3 (1:500, #9661, CST), mouse anti-PH3 (1:2, 500, ab14955, Abcam,) and mouse anti-β-catenin (1:500, 610154, BD) antibodies, washed with PBS three times for 5 min each, and incubated with secondary antibody for 1 h at room temperature. After rinsing three more times with PBS, coverslips were mounted the slides with anti-fluorescence decay mounting medium (S2100, Solarbio). Images were acquired by confocal (FV3000, Olympus, Japan) and ImageJ software was used for analysis.
4.12 Immunohistochemistry
Frozen sections were baked in an oven at 60°C for 30 min, then fixed in 4% paraformaldehyde for 20 min, rinsed three times with PBS for 5 min each, and placed in a microwave oven with sodium citrate antigen retrieval solution for antigen retrieval (92°C, 30 min). Sections were then washed with PBS, permeabilized with 0.3% Triton X-100 for 30 min, and blocked with 5% bovine serum albumin (BSA) for 30 min at room temperature. Sections were then incubated overnight at 4°C with primary antibodies, including rabbit anti-YAP (1:100, #14074, CST), rabbit anti-cleaved-Caspase 3 (1:200, #9661, CST), and rabbit anti-β-catenin (1:100, 8480S, CST) antibodies. The next day, sections were rinsed three times with PBS for 5 min each and incubated with universal secondary antibodies for 30 min at 37°C. After rinsed with PBS, diaminobenzidine solution was added for signal detection. Finally, the sections were rinsed with tap water, counterstained with hematoxylin, then dehydrated with 75%, 95% and 100% alcohol and xylene, and sealed with neutral resin. Sections were photographed with an Olympus SLIDEVIEW™ VS.200 (Olympus, Germany) to obtain stained images and analyzed them.
4.13 RNA extraction and quantitative real-time PCR
Total RNA was extracted from DBTRG cells using RNA-easy Isolation Reagent (R701, Vazyme) according to the protocol provided by the manufacturer. RNA (100 ng) was reverse transcribed into single-stranded cDNA using HisScript® II Q RT SuperMix for qPCR (+gDNA wiper) (R223-01, Vazyme) according to the manufacturer’s instructions. PCR amplification of target cDNA and internal control (β-actin) cDNA was performed using specific primers. Sample mRNA levels were quantified in a two-step method using ChamQ™ Universal SYBR® qPCR Master Mix (Q711-02/03, Vazyme) on a Real-Time PCR machine (CFX Connect™ Optics Module, Bio-Rad, Singapore). Real-time PCR cycling conditions were programmed as follows: first step (95°C, 15 min), cycling step (denaturation 94°C, 15 s, annealing at 56°C or 60°C for 30 s, and final extension at 72°C for 30 s × 40 cycles). And β-actin was used as the endogenous control. Gene expression levels were expressed as ΔCt = Ct gene - Ct reference, and fold changes in gene expression were calculated by the 2−ΔΔCt method. The primers used in this study were synthesized by Qingke Biotech and presented as follows: MMP-2, Forward: 5′-TCA​CTC​CTG​AGA​TCT​GCA​AAC​AG-3′, Reverse: 5′-TCA​CAG​TCC​GCC​AAA​TGA​AC-3′; MMP-9, Forward: 5′-AGT​TCC​CGG​AGT​GAG​TTG​AA-3′, Reverse: 5′-CTC​CAC​TCC​TCC​CTT​TCC​TC-3′; β-actin, Forward: 5′-AGA​CTT​CGA​GCA​GGA​GAT​GGC-3′, Reverse: 5′-TCG​TTG​CCA​ATA​GTG​ATG​ACC​TG-3′.
4.14 Orthotopic transplantation mouse model
The animal study was reviewed and approved by Animal Ethical and Welfare Committee of Hangzhou Normal University. Male nude mice of six-week-old BALB/c nude mice were purchased from Shanghai SLAC Laboratory Animal (Co, Ltd), and raised at the Animal Experimental Center of Hangzhou Normal University. C6 cells stably expressing Luciferase (5× 105 cells per mouse) were injected into the striatum of the mice using a 69100 rotary digital stereotaxic apparatus (RWD, Shenzhen, China). To establish an in vivo orthotopic transplantation GBM model, were divided into two groups randomly, 7 mice in each group, 10% DMSO in saline and 20 mg/kg irigenin were administered daily by gavage per day. The body weight of the mice was measured. On the 1st, 14th, and 19th days of administration, the bioluminescence imaging of tumors was analyzed by a three-dimensional bioluminescence imaging system in small animals (PhotonIMAGER Optima, Biospace Lab, France). All nude mice were sacrificed 26 days after transplantation, and the fluorescence intensity values were analyzed to evaluate the therapeutic effect of irigenin on in situ GBM. The brains were collected for HE staining, DAB staining and western blotting detection.
4.15 Statistical analysis
All experiments were performed at least three independent times. Statistical analyses were performed using imageJ and GraphPad Prism 8.0 software. The statistical analysis significance between multiple groups was performed using analysis of variance (ANONA) and the statistical significance between two means was analyzed by student’s t-test. The data were expressed as the means ± standard error of the mean (SEM). Differences with p < 0.05 were considered to be statistically significant.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Animal Ethical and Welfare Committee of Hangzhou Normal University.
AUTHOR CONTRIBUTIONS
JX, SS, LC, and ZH contributed to the conception and design of the study; JX, SS, JD, and WZ collected the literature and made the figures; XW, YJ analyzed data; MJ, HY, and YW edited and made significant revisions to the manuscript; LC and ZH contributed to revising the original text and provided the fundings. All authors read and approved the final manuscript.
FUNDING
This work was supported by the National Natural Science Foundation (92049104), and the Scientific Research Foundation for Scholars of HZNU (4125C5021920435 and 4125C5021920453), General scientific research project of Zhejiang Provincial Department of Education in 2021 (Y202147589).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.1027577/full#supplementary-material
ABBREVIATIONS
GBM, Glioblastoma; YAP, Yes-associated protein; qPCR, Quantitative real-time PCR; IR, irigenin.
REFERENCES
 Amin, A., Chikan, N. A., Mokhdomi, T. A., Bukhari, S., Koul, A. M., Shah, B. A., et al. (2016). Irigenin, a novel lead from Western Himalayan chemiome inhibits Fibronectin-Extra Domain A induced metastasis in Lung cancer cells. Sci. Rep. 6, 37151. doi:10.1038/srep37151
 Borhani, M., Sharifzadeh, M., Farzaei, M. H., Narimani, Z., Sabbaghziarani, F., Gholami, M., et al. (2017). Protective effect of Iris germanica L. In Β-amyloid-induced animal model of alzheimer's disease. Afr. J. Tradit. Complement. Altern. Med. 14, 140–148. doi:10.21010/ajtcam.v14i4.17
 Cemeli, T., Guasch-ValléS, M., NàGER, M., Felip, I., Cambray, S., Santacana, M., et al. (2019). Cytoplasmic cyclin D1 regulates glioblastoma dissemination. J. Pathol. 248, 501–513. doi:10.1002/path.5277
 Fang, L., Teng, H., Wang, Y., Liao, G., Weng, L., Li, Y., et al. (2018). SET1A-mediated mono-methylation at K342 regulates YAP activation by blocking its nuclear export and promotes tumorigenesis. Cancer Cell 34, 103–118. e9. doi:10.1016/j.ccell.2018.06.002
 Fernandes, C., Costa, A., OsóRIO, L., Lago, R. C., Linhares, P., Carvalho, B., et al. (2017). “Current standards of care in glioblastoma therapy,” in Glioblastoma. Brisbane (AU) ed . Editor S. De Vleeschouwer (Singapore: Codon Publications). 
 Guo, F., Wang, X., and Liu, X. (2021). Protective effects of irigenin against 1-methyl-4-phenylpyridinium-induced neurotoxicity through regulating the Keap1/Nrf2 pathway. Phytother. Res. 35, 1585–1596. doi:10.1002/ptr.6926
 Guo, L., Zheng, X., Wang, E., Jia, X., Wang, G., and Wen, J. (2020). Irigenin treatment alleviates doxorubicin (DOX)-induced cardiotoxicity by suppressing apoptosis, inflammation and oxidative stress via the increase of miR-425. Biomed. Pharmacother. 125, 109784. doi:10.1016/j.biopha.2019.109784
 Hao, Z., and Guo, D. (2019). EGFR mutation: Novel prognostic factor associated with immune infiltration in lower-grade glioma; an exploratory study. BMC Cancer 19, 1184. doi:10.1186/s12885-019-6384-8
 Harvey, K. F., Zhang, X., and Thomas, D. M. (2013). The Hippo pathway and human cancer. Nat. Rev. Cancer 13, 246–257. doi:10.1038/nrc3458
 Huang, J., Wu, S., Barrera, J., Matthews, K., and Pan, D. (2005). The hippo signaling pathway coordinately regulates cell proliferation and apoptosis by inactivating yorkie, the Drosophila homolog of YAP. Cell 122, 421–434. doi:10.1016/j.cell.2005.06.007
 Ito, H., Onoue, S., and Yoshida, T. (2001). Isoflavonoids from belamcanda chinensis. Chem. Pharm. Bull. 49, 1229–1231. doi:10.1248/cpb.49.1229
 Liu, Q., Xia, H., Zhou, S., Tang, Q., Zhou, J., Ren, M., et al. (2020). Simvastatin inhibits the malignant behaviors of gastric cancer cells by simultaneously suppressing YAP and β-catenin signaling. Onco. Targets. Ther. 13, 2057–2066. doi:10.2147/OTT.S237693
 Liu, Z., Yee, P. P., Wei, Y., Liu, Z., Kawasawa, Y. I., and Li, W. (2019). Differential YAP expression in glioma cells induces cell competition and promotes tumorigenesis. J. Cell Sci. 132, jcs225714. doi:10.1242/jcs.225714
 Miller, C. R., and Perry, A. (2007). Glioblastoma. Arch. Pathol. Lab. Med. 131, 397–406. doi:10.5858/2007-131-397-G
 Ohgaki, H., and Kleihues, P. (2013). The definition of primary and secondary glioblastoma. Clin. Cancer Res. 19, 764–772. doi:10.1158/1078-0432.CCR-12-3002
 Orr, B. A., Bai, H., Odia, Y., Jain, D., Anders, R. A., Eberhart, C. G., et al. (2011). Yes-associated protein 1 is widely expressed in human brain tumors and promotes glioblastoma growth. J. Neuropathol. Exp. Neurol. 70, 568–577. doi:10.1097/NEN.0b013e31821ff8d8
 Osuka, S., and Van Meir, E. G. (2017). Overcoming therapeutic resistance in glioblastoma: The way forward. J. Clin. Invest. 127, 415–426. doi:10.1172/JCI89587
 Ouyang, T., Meng, W., Li, M., Hong, T., and Zhang, N. (2020). Recent advances of the hippo/YAP signaling pathway in brain development and glioma. Cell. Mol. Neurobiol. 40, 495–510. doi:10.1007/s10571-019-00762-9
 Pan, J. X., Xiong, L., Zhao, K., Zeng, P., Wang, B., Tang, F. L., et al. (2018). YAP promotes osteogenesis and suppresses adipogenic differentiation by regulating β-catenin signaling. Bone Res. 6, 18. doi:10.1038/s41413-018-0018-7
 Park, H. W., Kim, Y. C., Yu, B., Moroishi, T., Mo, J. S., Plouffe, S. W., et al. (2015). Alternative Wnt signaling activates YAP/TAZ. Cell 162, 780–794. doi:10.1016/j.cell.2015.07.013
 Park, M., Chae, H. D., Yun, J., Jung, M., Kim, Y. S., Kim, S. H., et al. (2000). Constitutive activation of cyclin B1-associated cdc2 kinase overrides p53-mediated G2-M arrest. Cancer Res. 60, 542–545.
 Pearson, J. D., Huang, K., Pacal, M., Mccurdy, S. R., Lu, S., Aubry, A., et al. (2021). Binary pan-cancer classes with distinct vulnerabilities defined by pro- or anti-cancer YAP/TEAD activity. Cancer Cell 39, 1115–1134.e12. e12. doi:10.1016/j.ccell.2021.06.016
 Plate, K. H., Breier, G., Weich, H. A., and Risau, W. (1992). Vascular endothelial growth factor is a potential tumour angiogenesis factor in human gliomas in vivo. Nature 359, 845–848. doi:10.1038/359845a0
 Pore, N., Liu, S., Haas-Kogan, D. A., O'Rourke, D. M., and Maity, A. (2003). PTEN mutation and epidermal growth factor receptor activation regulate vascular endothelial growth factor (VEGF) mRNA expression in human glioblastoma cells by transactivating the proximal VEGF promoter. Cancer Res. 63, 236–241.
 Quinn, H. M., Vogel, R., Popp, O., Mertins, P., Lan, L., Messerschmidt, C., et al. (2021). YAP and β-catenin cooperate to drive oncogenesis in basal breast cancer. Cancer Res. 81, 2116–2127. doi:10.1158/0008-5472.CAN-20-2801
 Rosenbluh, J., Nijhawan, D., Cox, A. G., Li, X., Neal, J. T., Schafer, E. J., et al. (2012). β-Catenin-driven cancers require a YAP1 transcriptional complex for survival and tumorigenesis. Cell 151, 1457–1473. doi:10.1016/j.cell.2012.11.026
 Shi, J., Sun, S., Xing, S., Huang, C., Huang, Y., Wang, Q., et al. (2022). Fraxinellone inhibits progression of glioblastoma via regulating the SIRT3 signaling pathway. Biomed. Pharmacother. 153, 113416. doi:10.1016/j.biopha.2022.113416
 Stupp, R., Mason, W. P., Van Den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J., et al. (2005). Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 352, 987–996. doi:10.1056/NEJMoa043330
 Swiatek-Machado, K., and Kaminska, B. (2013). STAT signaling in glioma cells. Adv. Exp. Med. Biol. 986, 189–208. doi:10.1007/978-94-007-4719-7_10
 Tang, X., Sun, Y., Wan, G., Sun, J., Sun, J., and Pan, C. (2019). Knockdown of YAP inhibits growth in Hep-2 laryngeal cancer cells via epithelial-mesenchymal transition and the Wnt/β-catenin pathway. BMC Cancer 19, 654. doi:10.1186/s12885-019-5832-9
 Tattersall, M. H., Sodergren, J. E., Dengupta, S. K., Trites, D. H., Modest, E. J., and Frei, E., 3R. D. (1975). Pharmacokinetics of actinoymcin D in patients with malignant melanoma. Clin. Pharmacol. Ther. 17, 701–708. doi:10.1002/cpt1975176701
 Verhaak, R. G., Hoadley, K. A., Purdom, E., Wang, V., Qi, Y., Wilkerson, M. D., et al. (2010). Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 17, 98–110. doi:10.1016/j.ccr.2009.12.020
 Vlug, E. J., Van De Ven, R. A., Vermeulen, J. F., Bult, P., Van Diest, P. J., and Derksen, P. W. (2013). Nuclear localization of the transcriptional coactivator YAP is associated with invasive lobular breast cancer. Cell. Oncol. 36, 375–384. doi:10.1007/s13402-013-0143-7
 Wang, L., Ji, S., Liu, Z., and Zhao, J. (2022). Quercetin inhibits glioblastoma growth and prolongs survival rate through inhibiting glycolytic metabolism. Chemotherapy 67, 132–141. doi:10.1159/000523905
 Wang, Y., Pan, P., Wang, Z., Zhang, Y., Xie, P., Geng, D., et al. (2017). β-catenin-mediated YAP signaling promotes human glioma growth. J. Exp. Clin. Cancer Res. 36, 136. doi:10.1186/s13046-017-0606-1
 Woźniak, D., and Matkowski, A. (2015). Belamcandae chinensis rhizome--a review of phytochemistry and bioactivity. Fitoterapia 107, 1–14. doi:10.1016/j.fitote.2015.08.015
 Xu, W., Kuang, Y., Wang, D., Li, Z., and Xia, R. (2021). Irigenin exerts anticancer effects on human liver cancer cells via induction of mitochondrial apoptosis and cell cycle arrest. Appl. Biol. Chem. 64, 12–17. doi:10.1186/s13765-020-00570-6
 Xu, Y., Gao, C. C., Pan, Z. G., and Zhou, C. W. (2018). Irigenin sensitizes TRAIL-induced apoptosis via enhancing pro-apoptotic molecules in gastric cancer cells. Biochem. Biophys. Res. Commun. 496, 998–1005. doi:10.1016/j.bbrc.2018.01.003
 Xu, Y., Stamenkovic, I., and Yu, Q. (2010). CD44 attenuates activation of the hippo signaling pathway and is a prime therapeutic target for glioblastoma. Cancer Res. 70, 2455–2464. doi:10.1158/0008-5472.CAN-09-2505
 Yan, D., Hao, C., Xiao-Feng, L., Yu-Chen, L., Yu-Bin, F., and Lei, Z. (2018). Molecular mechanism of Notch signaling with special emphasis on microRNAs: Implications for glioma. J. Cell. Physiol. 234, 158–170. doi:10.1002/jcp.26775
 Yang, S., Zhang, L., Liu, M., Chong, R., Ding, S.-J., Chen, Y., et al. (2013). CDK1 phosphorylation of YAP promotes mitotic defects and cell motility and is essential for neoplastic transformation. Cancer Res. 73, 6722–6733. doi:10.1158/0008-5472.CAN-13-2049
 Yu, F. X., Zhao, B., and Guan, K. L. (2015). Hippo pathway in organ size control, tissue homeostasis, and cancer. Cell 163, 811–828. doi:10.1016/j.cell.2015.10.044
 Zeng, Q., and Hong, W. J. (2008). The emerging role of the hippo pathway in cell contact inhibition, organ size control, and cancer development in mammals. Cancer Cell 13, 188–192. doi:10.1016/j.ccr.2008.02.011
 Zhan, Y., Kong, S., Fan, L., and Jiang, J. (2021). Irigenin exhibits anticancer activity against human colon cancer cells via autophagy, inhibition of cell migration and invasion, and targeting of ERK/MAPK signal pathway. Trop. J. Pharm. Res. 20, 1357–1363. doi:10.4314/tjpr.v20i7.6
 Zhang, C., Wang, L., Chen, J., Liang, J., Xu, Y., Li, Z., et al. (2017). Knockdown of Diaph1 expression inhibits migration and decreases the expression of MMP2 and MMP9 in human glioma cells. Biomed. Pharmacother. 96, 596–602. doi:10.1016/j.biopha.2017.10.031
 Zhang, G., Liao, Y., Yang, H., Tao, J., Ma, L., and Zuo, X. J. C.-B. I. (2021). Irigenin reduces the expression of caspase-3 and matrix metalloproteinases, thus suppressing apoptosis and extracellular matrix degradation in TNF-α-stimulated nucleus pulposus cells. Chem. Biol. Interact. 349, 109681. doi:10.1016/j.cbi.2021.109681
 Zhang, K., Zhang, J., Han, L., Pu, P., and Kang, C. (2012). Wnt/beta-catenin signaling in glioma. J. Neuroimmune Pharmacol. 7, 740–749. doi:10.1007/s11481-012-9359-y
 Zhang, Y., Xie, P., Wang, X., Pan, P., Wang, Y., Zhang, H., et al. (2018). YAP promotes migration and invasion of human glioma cells. J. Mol. Neurosci. 64, 262–272. doi:10.1007/s12031-017-1018-6
 Zhao, B., Wei, X., Li, W., Udan, R. S., Yang, Q., Kim, J., et al. (2007). Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes Dev. 21, 2747–2761. doi:10.1101/gad.1602907
 Zhao, M., Zhang, Y., Jiang, Y., Wang, K., Wang, X., Zhou, D., et al. (2021). YAP promotes autophagy and progression of gliomas via upregulating HMGB1. J. Exp. Clin. Cancer Res. 40, 99. doi:10.1186/s13046-021-01897-8
 Zhao, X., Song, T., He, Z., Tang, L., and Zhu, Y. (2010). A novel role of cyclinD1 and p16 in clinical pathology and prognosis of childhood medulloblastoma. Med. Oncol. 27, 985–991. doi:10.1007/s12032-009-9320-y
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Xu, Sun, Zhang, Dong, Huang, Wang, Jia, Yang, Wang, Jiang, Cao and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-1027577-g005.gif
l
oo (-] o

P,





OPS/images/fphar-13-1027577-g006.gif





OPS/images/fphar-13-1027577-g003.gif





OPS/images/fphar-13-1027577-g004.gif
-
®
o

R ——
tse

Wouna waingprcertge ()
oBE8sE

e

=3






OPS/images/fphar-13-1027577-g009.gif





OPS/images/fphar-13-1027577-g007.gif
GFF | GFFWR | Gr VAR Jor VAP

o (SRR e §
. cavon [FRERBN 27100 3 ‘:






OPS/images/fphar-13-1027577-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Irigenin inhibits glioblastoma progression through suppressing YAP/β-catenin signaling		1 Introduction

		2 Results		2.1 Anti-proliferative activity of irigenin in glioblastoma cells

		2.2 Irigenin triggered glioblastoma cell cycle arrest at G2/M

		2.3 Irigenin induced apoptosis of glioblastoma cells

		2.4 Irigenin suppressed the migration of glioblastoma cells

		2.5 Irigenin inhibited the growth of glioblastoma through suppressing YAP/β-catenin signaling pathway

		2.6 Irigenin inhibited the growth of glioblastoma cells in vivo





		3 Discussion

		4 Materials and methods		4.1 Drugs

		4.2 cDNA constructs

		4.3 Cell culture and transfection

		4.4 Cell proliferation assay

		4.5 Colony-formation assays

		4.6 Transwell and wound-healing assays

		4.7 Flow cytometry analysis of cell cycle and apoptosis

		4.8 Detection of apoptosis via PI staining

		4.9 GlioVis analysis

		4.10 Western blotting

		4.11 Immunofluorescent staining

		4.12 Immunohistochemistry

		4.13 RNA extraction and quantitative real-time PCR

		4.14 Orthotopic transplantation mouse model

		4.15 Statistical analysis





		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-1027577-g001.gif





OPS/images/fphar-13-1027577-g002.gif
15 o o RN 420

8 pacin










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





